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Electron impact excitation phenomena play an important role in atomic and
molecular physics. The different energy levels of an atom or molecule interact differently
with incoming electrons with different energies and that affects the excitation of the
energy levels of the atoms and molecules. Studies involving electron impact excitation
process are generally conducted with optical emission techniques or by the electron
energy loss method. In the present study, for the first time, cavity ringdown spectroscopy
(CRDS) has been used to investigate electron impact excitation phenomena of electronatom collision processes. The technique, i.e., electron impact excitation-cavity ringdown
spectroscopy (EIE-CRDS), was employed for the purposes of fundamental study and of
real-time applications. The fundamental study which was carried out in terms of
determining electron impact excitation cross section (EIECS) has been demonstrated by
measuring EIECS of a few excited levels of mercury (Hg) atom. For the application side,
the EIE-CRDS technique has been employed for trace element detection.
This dissertation first describes the fundamentals of electron impact excitationcavity ringdown spectroscopy (EIE-CRDS); afterwards its applications are demonstrated.

A novel method of measuring excitation cross sections using this EIE-CRDS technique
has been explained. In this method, first the excitation of atoms are achieved by electron
impact excitation process, subsequently, CRDS measured absolute number density is
utilized to determine the absolute EIECS values. Steps of the method are described in
detail. Applicability of the method is demonstrated by measuring EIECS of three
different energy levels of Hg, namely 6s6p 3P0, 6s6p 3P1, and 6s7s 3S1, and the obtained
values are in agreement with those reported in the literature.
Secondly, the EIE-CRDS technique was employed to investigate the absorption
spectrum of mercury atom in the vicinity of 404.65 nm, corresponding to the transition
6s7s 3S1  6s6p 3P0 levels of mercury. Elemental mercury was measured using a laser of
wavelength 404.65 nm. The technological feasibility of developing a portable size
instrument for mercury detection was explored. Subsequently, a portable size, dual-mode,
plasma-CRDS based prototype instrument, capable of real-time trace element monitoring,
was developed. The design, functioning, and specifications of the instrument are also
explained.
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CHAPTER I
INTRODUCTION

1.1

Introductory Background
Electron impact excitation (EIE) plays an important role in electron-atom

collision processes and has always remained an area of interest of study. Natural
phenomena, such as lightning, polar auroras, coronas, etc., occur as a result of electron
impact excitations of different gases present in the atmosphere, followed by spontaneous
emissions which result in beautiful colors. Similarly, utilities, such as incandescent bulbs,
low pressure fluorescent lamps, and the higher pressure arc lamps all work on the
principles of electron impact excitation processes. In such instruments, gaseous atoms are
housed in a closed environment, known as discharge tube. The electron-atom collision
process is triggered by applying voltages across two electrodes mounted inside the tube.
Inside the discharge tube, energetic electrons collide with atoms and excite them to
higher energy levels; when the excited atoms de-excite to lower energy levels, photons of
different wavelengths (colors) that are characteristic of the enclosed gaseous atoms, are
emitted. The Figure 1.1 shows picture of natural lighting in the sky, corona at sun’s
surface, and polar auroras, respectively.
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Figure 1.1

Pictures of natural lighting, solar corona, and polar auroras

Two other important examples where electron-impact excitation process plays
significant roles are in the generation of lasers and plasmas. As we know, in terms of
applications, both lasers and plasmas have enormous applications, ranging from academic
research to industrial. Both lasers and plasmas have emerged as powerful tools to study
fundamentals of spectroscopy at atomic and molecular levels. On the other hand, their
industrial applications include semiconductors industries, biomedical, and petroleum to
name a few. Continuous strides are being made to improve their performance, enhance
efficiency, and broaden the application areas. Before we proceed further on this topic, let
us look on how lasers and plasma systems are produced.
(i) Lasers: In the generation of lasers, especially gas lasers, (e.g., He Ne laser),
fast moving electrons collide with gaseous atoms enclosed inside a discharge tube and are
excited to higher energy levels (the process is called pumping), to achieve population
inversion condition, i.e., a situation in which a particular higher energy level is more
populated than a particular lower energy level. The photons emitted, as a result of
2

stimulated de-excitation of the atoms are collected and subsequently collimated to obtain
a laser beam. An uninterrupted and efficient excitation process is therefore important to
maintain a uniform laser beam [1].

(ii) Plasma: A plasma is a collection of partially

ionized gas, which is produced when highly energetic electrons collide with gaseous
atoms in their vicinity, resulting in the excitation and/or ionization of those atoms. In the
presence of high electric and/or magnetic fields when fast moving electrons collide
randomly with the gaseous atoms, it can result in the excitation as well as ionization of
the atoms. The short lived excited atoms de-excite to lower energy levels, either
spontaneously or by again colliding with the moving electrons; similarly, the ions recombine with the moving electrons to form neutral atoms again. In all these processes,
photons of different wavelengths are emitted; this is collectively called plasma emission.
The extent of excitation and ionization of the gaseous atoms depends on the excitation
efficiency of the energetic electrons, which in turn depends on the excitation cross
sections. Maintaining a sustained plasma requires a continuous (/or uninterrupted)
energizing of the free electrons, which is typically done by supplying electrical energy of
MHz to GHz frequency rate [2].In view of the growing needs of the potential applications
of lasers, plasmas, and other electron impact excitation based devices, continuous efforts
are being made to improve their performances. In this regard, the optimization of lasers,
plasma diagnostics, modeling of electric discharges, etc., requires clear understanding
and control of electron-atom collision processes taking place in the system. One such
parameter which is used to diagnose an electron-atom collision process is the Electron
Impact Excitation Cross Section (EIECS). From the fundamental physics point of view,
EIECS provide spectroscopic information about the energy levels involved in the
3

transition; consequently, it helps in understanding the transition process. EIECS data are
helpful when modeling new electric discharges and optimizing laser systems. In plasmas,
EIECS information is used in determining plasma parameters, such as temperature,
electron energy distribution functions, etc. Therefore, the knowledge of excitation cross
sections and control of the electron impact excitation process can have useful
applications. In this dissertation, a new application of the electron impact excitation
process, namely in Ultra-trace element detection and analysis, and a new method, to
measure the electron impact excitation cross section, have been discussed. Also discussed
is the aspect of using Cavity Ringdown Spectroscopy (CRDS) as an alternative tool for
study of electron-atom collision processes.
1.2

Motivation
One of the motivations behind the present study was to explore the potential

applications of combining cavity ringdown spectroscopy with the electron impact
excitation (EIE) processes. The idea arises from the fact that both EIE and CRDS have
their own merits. For example, excitation of atoms by electron impact mechanism in
electron-atom collision processes is not restricted by selection rules, i.e. both optical
transitions and non-allowed optical transitions can occur. Instead by carefully controlling
the energy of the colliding electrons, any particular energy level of the atom can be
predominantly (selectively) populated. On the other hand, CRDS is a highly sensitive
laser absorption technique; it is typically 1000 times more sensitive than the conventional
single-pass laser absorption technique. In addition, the CRDS technique allows one to
measure absolute number density of the absorbing particles. Therefore, if CRDS could be
combined with an electron impact excitation system, it may find interesting applications.
4

Alternatively, CRDS can be thought of as an additional tool to study electron-atom
collision processes. To the best of our knowledge this study is the first of its kind with the
objective as described above.
Although, it is believed that this novel idea will find new utilizations in future,
two interesting applications of the combined EIE-CRDS technique are being described
here. Two categories of studies were conducted: namely (a) measurement of the electron
impact excitation cross sections, and (b) trace element detection and analysis. The
importance and the merits of the both works are described in detail in subsequent
Chapters 3 -6; yet an introductory brief description is presented below. In the sections
below, the following topics have discussed: (i) advantages of EIE-CRDS in element
detection and analysis, (ii) introduction of EIECS and (iii) on the choice of mercury as
sample element to study.
It would be worthwhile to mention here that excitation of the atoms is the first and
key step in this process. Therefore, a choice of appropriate excitation source is important.
In different experimental techniques, different excitation sources are used for example,
inductively coupled plasma (ICP) torch, electron gun, etc. However, we have used a
microwave plasma torch (MPT) as the excitation source. The microwave plasma torch
not only acts as an excitation source, but also as a source of atomization, which is an
important requirement for trace element detection and analysis work. Elemental mercury
(Hg) was used as the sample to be studied. Being a low power plasma source (avg.
energy ~ 5 eV) the MPT act as an efficient source of excitation for Hg which has
ionization potential of 10.43 eV.

5

1.3
1.3.1

Electron Impact Excitation Cross Section Measurement
What is an Electron Impact Excitation Cross Section?
Electron impact excitation cross sections can be understood as a hypothetical

cross section offered to an incoming electron by an energy level of an atom, for
interaction to take place. In an electron-atom collision process, when an electron
approaches an atom, different energy levels of that atom offers different cross-sectional
areas for interaction for the energy transfer process to take place. In other terms, it gives a
measure of probability that electrons moving towards an atom would ‘collide’ or
‘interact’ and subsequently impart energy to the electrons orbiting in different energy
levels only if it passes through a particular virtual cross-sectional area. The electrons not
falling in that cross section region do not ‘collide’, and thus do not impart energy to the
orbiting electrons. It should be noted that the EIECS of a particular energy level is a
function of energy of the incoming electrons. Similarly, different energy levels offer
different excitation cross sections to the same incoming electrons. The higher the cross
section, the higher are the chances of interaction, and similarly lower the cross section,
the lower are the chances of interaction, and thus accordingly exchange of energy. The
figure 1.2 shows a visual representation of the hypothetical hard-sphere cross section.

Figure 1.2

Pictorial representation of concept of EIECS
6

As a result of collisions with electrons, an atom is either excited to a higher
energy level or can be ionized. This phenomenon is called electron impact excitation. On
the other hand, upon collision with energetic electrons, an excited atom can also be deexcited to lower energy levels. In this work, we will discuss excitation phenomena, and
therefore the excitation cross section, i.e., EIECS.
Experimental studies of electron impact excitation processes, including EIECS
measurements, are often carried out either with the optical emission technique or the
electron energy loss method. In the optical emission technique, the photons emitted as a
result of excitations and subsequent de-excitations are recorded (Fig. 1.3). The emitted
intensities, e.g. I(λ1) and I(λ2), as shown in the Figure 1.3, are directly proportional to the
population density of the excited levels k and l, respectively; whereas the population
densities of the excited states, nk and nl, are related to the excitation cross sections, Qk and
Ql, from the lower level to energy levels k and l. Therefore, if the emitted intensities are
known, it can be used to determine the excitation cross sections of energy levels [3].

7

Figure 1.3

Schematic of excitation by electron impact

In the electron energy loss method, a mono-energetic beam of electrons are
incident on the collection of gaseous atoms. The difference in the energies of the
scattered electrons and the incident electron are compared. Since the energy levels of the
sample gaseous atoms are known, the loss in the energies of the scattered electrons is
attributed to the excitations to different higher atomic energy levels, which in turn is
related to the excitation cross section [4].
Although both methods described above are used to determine EIECS, they suffer
the limitation that they require an external calibration process to determine the absolute
cross section values. A typical procedure is to obtain an expression for the cross section
of the concerned energy level in terms of some known cross sections. Subsequently, the
required cross sections are determined upon substituting the known cross section values.
A detailed discussion on the methods of measuring EIECS by optical emission or of
electron energy loss methods is beyond the scope of this work.
8

We have a developed a new method, based on EIE-CRDS, to measure absolute
excitation cross section values. The cross section values result as an analytical solution of
a set of non-linear equations of excitation-de-excitation processes obtained under steady
state condition. Consequently, the method does not require an external calibration process
to obtain the absolute cross section values. The method has been demonstrated by
measuring EIECS of the first few energy levels of mercury under atmospheric conditions.
This work demonstrated that the CRDS technique can be used as an alternative tool to
measure electron impact excitation cross sections in an electron-atom collision process.
1.4

Element Detection and Analysis: Why with CRDS?
Plasma-based atomic emission spectroscopy (AES) is one of the widely used

techniques for element detection and analysis. The types of plasmas that are typically
used are inductively coupled plasmas (ICP) and microwave induced plasmas (MIP);
combinedly with AES, the technique is termed as ICP-AES or MIP-AES, respectively.
As discussed earlier, plasma contains highly energetic electrons which are capable of
exciting atoms into various excited states by the process known as electron impact
excitation. Owing to high temperature (ranging from several hundred to several thousand
of Kelvin), the plasmas are capable of atomizing samples. Therefore, when liquid or
gaseous samples are injected into the plasma, they are atomized and subsequently excited
to higher energy levels. The atoms de-excite by emitting photons of different
wavelengths which are characteristic of the elements present in the sample. The plasma
emissions are collected and analyzed to detect the presence of elements by distinguishing
their characteristic peaks in the emission spectrum. The concentration of a particular
element in the sample is determined by carefully obtaining a calibration curve. The
9

lowest range in which concentration measurements with AES technique are possible
varies from parts per million (ppm) to parts per billion (ppb) [2].
Although, ICP-AES and MIP-AES are widely used for element detection, the
instruments are generally big and bulky. They are not suitable for real-time and in situ
operations. In addition, they also require an external calibration process in order to
determine the absolute concentration values. On the other hand and as it has been
demonstrated in this study, CRDS being a laser-based absorption technique, can be
incorporated with an electron impact excitation device (MPT in this case) to conduct
ultratrace element detection and analysis by measuring concentrations in parts per trillion
(ppt) range. Another merit of using CRDS for this purpose is its ability to measure the
absolute number density. The advantage is that external calibration can be avoided while
determining unknown concentrations of the elements. Additionally, with the advent of
small size diode lasers in the market, which are now available in a variety of wavelengths
range, it is possible to combine CRDS with a MPT, or for that matter any other suitable
excitation source, to develop portable size instruments for real-time, in situ operation.
The first part of this work demonstrates the proof of principle of the technique,
which has been demonstrated by detection and measurement of trace concentrations of
mercury (Hg). Further, a compact size, dual-mode (i.e. both the emission and absorption
mode of measurements), prototype instrument was developed for real-time, in situ
operations. The functioning of the dual-mode of the instrument was demonstrated by
analyzing a number of elements, such as As, Pb, Cd, Sr, etc., by optical emission
spectroscopy facility.

10

1.5

Choice of Mercury (Hg) as Sample Material
As mentioned earlier, the present study was intended to develop and explore the

potential applications of a combined EIE-CRDS system; two possible applications were
investigated (i) measurement of EIECS in an electron impact excitation process, and (ii)
element detection and analysis.
Mercury is an important element which has direct or indirect effects on human
lives. Importance of mercury has two aspects: (i) health aspects and (ii) usefulness in
utilities, such as discharge lamps.
Mercury is considered to be one of the important environmental pollutants of
water, soil, and air. Mercury (Hg) in its elemental form is toxic in nature; however the
organic and inorganic compounds of Hg, such as CH3Hg and HgS, HgCl, etc.,
respectively, are even more poisonous. High (acute) exposure of Hg or long time
(chronic) exposure of even low concentrations of Hg has severe human health hazardous
effects. Acute or chronic exposure of mercury or its compounds are known to cause
dyspnea, neuromuscular changes, etc. Release of mercury and its compounds in the
environment is mainly attributed to industrial waste, or in some cases natural sources,
such as volcanic eruptions [EPA].
The environmental cycle of mercury can be seen Figure 1.4. Fossil fuel burning
and industrial wastes release mercury into the environment in soil, air, and water sources.
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Figure 1.4

Mercury cycle in the environment

(Source: University of Wisconsin, Eau Claire, http://people.uwec.edu/piercech/Hg/mercury_water/cycling.htm

The soil, air and the water sources become contaminated as a result of that. Water
species, such as fish, shrimp which are termed as sea foods, etc., swallows mercury from
this contaminated water and accumulates Hg inside their body, from where it gets
transferred to human beings when these creatures are eaten by humans. On the other
hand, elemental mercury vapors causes Hg contents in rain which is absorbed by plants
which may be eaten by humans or by animals that are subsequently eaten by humans.
Thus, through this pathway also mercury is transferred to human body, which in time
accumulates to a significant concentration level.
Agencies, such as the World Health Organization (WHO), Occupational Safety
Health Administration (OSHA), etc., consider Hg as an occupational hazard. Therefore,
many different countries have regulations on industrial and commercial use of mercury
and disposal management of its waste generation. Millions of dollars are spent every year
12

for the detection, quantification and waste management of environmental pollutants,
including mercury. Therefore, mercury is an important element as far as its detection and
remediation is concerned.
On the other hand, mercury is also a useful element in the development of arc
lamps and discharges. Owing to some strong persisting emission lines in the visible
region, such as 404.65 nm (violet), 435.8 nm (blue), 546.1 nm (green) and 578.2 nm
(yellow-orange), and a few in UV region, for example 253.65 nm, 365.4 nm, etc. [NIST],
which can be excited using only few tens of watts of power, mercury is used extensively
in arc lamps and other light sources. The process of optimization of these light sources
utilizes the spectroscopic information of Hg, for example electron impact excitation cross
sections (EIECS).
Therefore, using mercury as a sample element to study serves both purposes in the
present work.
1.6

Research Plan
The results of the research discussed in this dissertation have been arranged as

shown in the figure 5.
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Figure 1.5

Electron impact excitation-Cavity ringdown spectroscopy
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CHAPTER II
EXPERIMENTAL METHODOLOGY AND SETUP

In this chapter the experimental technique and the methodology involved in the
study have been described in detail. Subsequently, the experimental setup is also
explained, although some of the other relevant experimental details are mentioned in
respective Chapters III to VI. As mentioned in Chapter I, cavity ringdown spectroscopy
(CRDS) has been employed as the primary experimental technique. A microwave plasma
torch (MPT) was used as an element atomization and excitation source. Elemental
mercury (Hg) was used as the sample for study. A microwave induced plasma generated
with MPT in the power range 100 – 150 Watt has an average excitation energy around 5
eV (electron energy distribution in plasma varies from 0.5 – 10 eV) [1]; therefore for
mercury atoms, whose first few excited energy level lies in between 4 and 6 eV, the MPT
acts as efficient excitation source. The optical emission technique (OES) which was also
employed for emission intensity measurement has also been described. A comparison
between the conventional laser absorption techniques and CRDS is also presented.
2.1

Conventional Single Pass Laser Absorption Technique
In the conventional single-pass laser absorption method, a laser beam is passed

through a sample cell which contains a gaseous or liquid sample, to be studied. The
transmitted light is collected, and the laser beam intensity of the transmitted light is
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compared with that of the incident beam. The wavelength of the laser beam is chosen so
as to match the sample atoms/molecule’s absorption line. The decrease in the transmitted
intensity depends on the sample’s absorption strength and its concentration inside the
cell. In addition, the transmitted laser beam intensity also depends on the path length of
the laser beam. Path length is defined as the interaction length between the sample atoms
and the laser beam. Figure 2.1 shows schematic of a typical single-pass laser absorption
technique.

Figure 2.1

Schematic of single pass absorption technique

The transmitted laser intensity I is given by the Beer-Lambert’s law as follows:

I  I 0 e  nl

(2.1)

where I0 is the intensity of the incident laser beam; n is the concentration of the
absorbing material inside the sample cell; σ is the absorption cross section; and l is the
path length. As it is evident from Eq. 2.1, the higher the absorption strength or the
concentration inside the cell, the greater is the absorption of the laser beam. Similarly, if
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the path length is longer, absorption will be more. In the conventional single-pass laser
absorption method, the laser beam passes only once through the sample cell. The
dimension (length) of the sample cell is typically on the order of centimeters (cm), and
therefore, the path length also remains on the order of cm. A minimum detection
sensitivity of the order of

I
 103 is achieved by the single pass cell. This puts a
I

limitation on the single-pass cell to be used for studying extremely weak absorption cases
[2].
The sensitivity of this technique is restricted by the path length inside the sample
cell. Therefore, if a mechanism can be developed to increase the path-length of the laser
beam by many times, the sensitivity of the system can be increased significantly. A
simple way is to make the technique multi-pass in nature. Here comes the advantage of
CRDS which is multi-pass in nature and can have path lengths on the order of hundreds
of meter.
2.2

Cavity Ringdown Spectroscopy (CRDS) Technique
The cavity ringdown spectroscopy (CRDS) technique was first demonstrated by

O’Keefe and Deacon in 1988. With time it has emerged as a powerful laser-based
absorption technique which has been applied in many different areas, including
fundamental spectroscopy, trace concentration measurement, etc. Details of fundamentals
of CRDS, its applications and evolution with time can be found elsewhere [3-6].
Cavity ringdown spectroscopy is a multi-pass laser absorption technique, in which
the path-length is increased by trapping a laser pulse inside a high finesse cavity
constructed with two highly reflective mirrors. A light pulse injected into the cavity,
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constructed with the two plano-concave mirrors (R > 99%), remains trapped between the
two mirrors while it reflects back and forth inside the cavity. However, every time when
it reflects from a mirror surface, a certain amount of light energy is transmitted out
through the mirror’s back. The temporal profile of the light intensity collected at the back
of any mirror is exponentially decaying. Figure 2.2 shows a schematic of a typical CRDS
setup.

Figure 2.2

Schematic of CRDS

As shown in the figure, when a laser pulse is incident onto mirror M1, a major
portion of its energy, depending upon the reflectivity of M1, is reflected back; however a
small quantity (typically ≤ 1%) which gets injected (after being transmitted through M1)
into the cavity, is reflected by the mirror M2, and moves back towards M1, from where it
again is reflected back towards M2. This phenomenon keeps repeating, and the pulse
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remains trapped inside the cavity. In Figure 2.2 (a), the lines r1, r2, r3….rn represent the
repeated reflections of the laser pulses inside the cavity. The physically separated and
decreasing thickness of the lines r1, r2, r3….rn is just to figuratively represent that inside
the cavity there takes place numerous back and forth reflections, and upon each reflection
some amount of intensity is transmitted out of the cavity which decreases the intensity of
light inside the cavity. In actual practice, the laser beam is aligned along the axis of the
mirrors, and all the reflection takes place along the axis. A good alignment is a crucial
part in CRDS experimental setup. The profile of the transmitted light intensity from the
second mirror M2 is exponentially decaying. This exponentially decaying profile
resembles very much the decreasing intensity profile of a ringing bell, that’s why the
technique has been named ‘ringdown.’
The time it takes for the transmitted intensity to decrease by 1/e times is termed as
‘ringdown time’. The ringdown time is the main measured parameter in CRDS, and is
obtained upon fitting the exponential decay intensity profile collected at mirror M2. The
ringdown time, represented as τ, is a function of the length of the cavity and reflectivity
of the mirror and is given as:



d
c(1  R )

(2.2)

where, d is the length of the cavity, c is the velocity of light, and R is the
reflectivity of the mirrors at a given wavelength. If a CRDS system is perfectly aligned, a
single exponential decay profile is obtained for the transmitted intensity; deviation from
the single exponential behavior is indicative of alignment error. This exponential decay
intensity profile is also termed as ‘ringdown curve’, and is very sensitive to the mirror
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alignment; however by slightly tweaking the mirrors alignment, the ringdown curve can
be manipulated.
If there is an absorbing material inside the cavity, the ringdown time expressed in
Eq. 2.1. modified to:



d
c(1  R   ls )

(2.3)

where α is the absorption coefficient of the sample molecules/atoms inside the
cavity, and ls is the absorption path length through the sample. In some cases, for
example gas filling entire cavity, the cavity length is equal to the path length, i.e., d=ls.
The figure 2.3 represents two cases when absorption (α) inside the cavity is zero and nonzero, represented by red and blue colors, respectively; the ringdown time for which has
been represented by τ0 and τ, respectively. It can be noted that the ringdown curve at α ≠0
decreases faster in comparison to when α = 0; this indicates higher absorption in the
former case. This also suggests that the ringdown time in the case of no (or lesser)
absorption would be higher, i.e. τ0>τ.

Figure 2.3

Example of ringdown curve
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The absorbance A of the material inside the cavity is determined from the two
ringdown times measured with (α ≠0) and without (α = 0) the absorbing material inside
the cavity:

A

d 1 1
(  )   ls
c  0

(2.4)

Theoretically the absorbance A is also given as:

A   abs ( ) n ls

(2.5)

where  abs ( ) represents the wavelength dependent absorption cross section of
the sample molecules/atoms, and n is the sample concentration (number density). From
Eqs. 2.4 and 2.5, it turns out that the absorbance A measured as a function of two
ringdown times, can be used to determine the number density n or alternatively the
absorption cross section  abs ( ) of the absorbing material, if either of them is known.
2.3

Detection Sensitivity of CRDS
The detection sensitivity of a CRDS system is dictated by mirror reflectivity and

signal stability for a given cavity length. The stability of ringdown signal is measured in
terms of the baseline stability, which is defined as:

B.S . 




(2.6)

where στ is the standard deviation of the ringdown signals and  is the average
ringdown time. The minimum absorbance that can be measured with a CRDS system is
given as:
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Amin 


(1  R )


(2.7)

If mirrors of reflectivity R=99.99% are used, then by maintaining a baseline
stability of 0.3% or less, a minimum absorbance of on the order of ~ 10-7 can be obtained.
Therefore, in comparison to single-pass laser absorption spectroscopy, 1000 time higher
sensitivity can be obtained with a CRDS system. The minimum detectable absorbance
can be chosen based on 3στ (three time standard deviation) or 1στ. Subsequently, the
detection limit (DL) in measuring number density with a CRDS system can be obtained
by modifying Eq. 2.5.

DL  nmin 

Amin
 abs ( )l s

(2.8)

where nmin represents the minimum detectable concentration; R, σabs(ν), and ls are
was defined for the above equations. Concentrations up to the order of parts per trillion
(ppt) (10-12) can be obtained with a CRDS technique [3-6].
2.4

Electron Impact Excitation-Cavity Ringdown System
As mentioned in Chapter I, the excitation of the atom is the first key step in this

process, and the preference of excitation by the electron impact method is due to the
reason that this excitation process is not restricted by selection rules unlike the case of
optical transitions. The method EIE-CRDS is explained below in a simple way.
Consider a three energy level system as shown in Figure 2.4. The ground state
atoms and the atoms in higher (excited) states have been represented by blue and red
color, respectively. The energy gap between the ground state and the first two first
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excited states is E1, and the energy gap between 2nd excited state and the ground state is
E2 .

Figure 2.4

Schematic for EIE-CRDS.

The fast moving energetic electrons impart energy to the atoms upon collision.
Owing to the collisions with electrons of energies E1 and E2, atoms in the ground state
can rise directly to the higher excited states 1 and 2, respectively; this is termed as direct
electron impact excitation. However, it should be noted that since the process of
excitation by electron impact is not restricted by selection rules, if electrons of suitable
energies are available, atoms in excited state 1 upon collision with those electrons can
also rise to excited state 2.
If a mono-energetic source of electrons is used, a particular excited level of the
atom can be predominantly populated; let us say the excited state 1 in Fig 2.4.
Subsequently, if a CRDS system is employed with a laser of wavelength equal to the
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energy gap E2 – E1, the absolute number density of the excited state 1 can be measured.
Thus, by carefully choosing the electron source, different excited states of the atoms can
be populated, and subsequently their atom density can be measured with CRDS technique
by using suitable laser wavelengths.
Therefore, a choice of appropriate excitation source is crucial. Depending on the
type of the excitation source and the experimental setup, the equations described in the
above sub-section 2.2 and 2.3, should be modified when used in combination with a
cavity ringdown system. Since, in this study we have used microwave plasma torch
(MPT) as the excitation source, the equations would be similar to that used for a plasmaCRDS system.
A microwave plasma torch (MPT) was placed in the middle of the cavity such
that the laser beam passes through the plasma plume as depicted in the Figure 2.5.
Sample particles are injected into the plasma in the form of aerosols which are generated
with the help of nebulizer. Owing to high temperature in MIP (2000-6000 K) the samples
injected in the plasma are atomized; subsequently after collision with energetic electrons
they are excited to higher energy levels. The wavelength of the laser is chosen to match
one of the absorption lines of the sample element. The schematic of the experimental
arrangement can be visualized in Figure 2.5.
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Figure 2.5

Co-arrangement of CRDS and plasma system.

In this case, the path length is the interaction length of laser and plasma,
represented by ls in the figure. The ringdown time is given as:



d
c(1  R   plasmals   air (d  ls )  absorbance)

(2.9)

where βplasma and βair are the scattering coefficients of plasma and open air,
respectively. Eq. (2.9) can be re-written as:



d
c(1  Reff  absorbance)

(2.10)

In general, the scattering coefficients are negligible in comparison to the
absorption occurring inside the cavity. Therefore, all the losses other the actual
absorption can be incorporated together; the same has been represented as Reff in Eq.
(2.10). Similar to as described above in Section 2.2, the ringdown times are measured
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with and without sample in the plasma. Subsequently, the absorption cross section or the
number density can be determined using the following relation:

 (v)n(r )l s 

d 1 1
 
c    0






(2.11)

It should be noted that because of the turbulence of the plasma, the stability of the
signal may be slightly comprised when the plasma is on. However, it can still be
maintained with baseline stability ≤ 0.5%.
The details about the experimental setup used in different studies and relevant
derivations have been discussed in the appropriate chapters. Other useful information,
such as sample preparation, calibration process, data recording and analysis methods,
etc., have also been discussed accordingly.
2.5
2.5.1

Excitation Source: Microwave Plasma Torch
Why prefer MIP?
It is important to discuss why did we chose a MIP source (i.e. MPT) over ICP or

an electron gun as the electron impact excitation source in the present study. In order to
understand that, we first need to analyze the motivation behind the present work. Apart
from developing methodology to use CRDS in conjunction with an electron impact
excitation source, the present study was conducted with the motivation to design a
portable size instrument for trace element detection (of a contaminated liquid sample) as
well. In this regard, we required an excitation source which can also efficiently atomize
the elements in the sample. The instrument is supposed to be operated real time and under
in situ conditions at the contaminated site itself. An electron gun, which is typically used
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in producing mono-energetic beams of electrons, may not be a very suitable choice in this
case. Efficient operation of the electron gun requires a sophisticated environment, for
example vacuum conditions. Electron guns are typically used in lab based experiments
where vacuum conditions can be created and maintained properly. For in situ operation, a
robust excitation device is needed. The inductively coupled plasma can be one such
device that can be used.
Now let us look at specific details of ICP and MIP. Inductively coupled plasma
(ICP) and microwave-induced plasma (MIP) are the two most commonly used plasmas in
laboratories. In ICP, gaseous atoms are excited typically with a 13.4-MHz radiowave
signal and a few hundred watts of power. The ICP is a high-density plasma where the
electron density varies from 1014to 1016 electrons cm-3, and the plasma temperature
ranges from 5000 to 10000 K. The electron energy distribution in an ICP varies from less
than an electron volt to few tens of electron volts. Owing to its high temperature and high
electron density, ICP does find applications in element detection, material processing,
etc. In conjunction with gas chromatography (GC), atomic emission spectrometry (AES)
and mass spectrometry (MS), ICP has been widely used for element detection and
analysis for many years. In academic research, ICP-AES is also used for spectroscopic
study of atoms and molecules. However, an ICP is a big and bulky instrument; its
operating electronics and mechanical arrangements are also complicated. The ICP
instruments are usually bench top instruments [7].
In comparison to the ICP, a MIP is a low-power plasma system, which is
produced with microwave signals (GHz) and can be operated at a few tens of Watts of
power as low as 50 W. The most commonly used microwave generator to produce a MIP
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is 2.45-GHz magnetron. Typically, the plasma temperature and electron densities in MIP
are on the order of 2000 to 4000 K, and 1012to 1014 electron cm-3, respectively. From an
application point of view, similar to ICPs, MIPs are also used in element analysis in
conjunction with GC, AES, and MS. However, the instrument configuration of a MIP
system can be made portable. The operating electronics and mechanical arrangements are
also simple. Additionally, unlike ICP, the MIP being a low-power plasma source does not
require radiation shielding [8].
Therefore, an MIP source, namely a microwave plasma torch (MPT) has been
used in the present study. After the advent of the robust MPT, it has been possible to
think of developing compact size instruments for various applications, including trace
element detection. It has already been demonstrated that MPT can be combined with a
CRDS system to detect environmentally toxic elements, such as U, Hg, Pb, etc (discussed
in detail in Chapter IV). A number of environmentally important elements can be excited
from the ground state to few low lying higher energy levels by the electron impact
excitation process using MPT, and subsequently can be detected with the CRDS
technique. For example, elements such as Hg, Be, As, Cs, Pb, Se, and U can be detected
with the EIE-CRDS method by using lasers of wavelength 253.65, 313.04, 419.08,
442.57, 405.78, 241.35, 348.93 nm, respectively. Furthermore, a portable size instrument
can be developed in the future when a compact diode laser at these wavelengths becomes
available. The Figure 2.6 shows a schematic of the microwave plasma torch that was used
in the present study.
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Figure 2.6

2.5.2

Schematic of MPT.

Excitation Mechanism in MPT
Depending on the excitation efficiency, plasma temperature, electron density,

instrumentation portability, etc., MPT finds its applications ranging from spectroscopic
study to commercial industries, including element detection. Being a low power plasma
system (average energy ~ 5 eV) the MPT acts as an excellent source of excitation for a
number of elements with high ionization potential (I.P.), such as Hg (I.P. = 10.47 eV), Cd
(I.P. = 8.93 eV), Pb (I.P. = 7.41 eV), etc.; the MPT acts more as the source of excitation
rather an than ionization source for these elements. As a result, for heavy elements (e.g.,
Hg, Be, Pb, etc.), excitation to the lower lying energy levels is dominant. Out of many
combinations of excitation and de-excitations occurring inside the microwave plasma,
some of them are listed below:
30

e + Agr A* + e

(Excitation from ground state to a higher state)

e + Agr A+ + e

(Ionization from ground state)

e + A* A** + e

(Excitation from one higher state to other)

e + A* A++ e

(Ionization from a higher state)
(De-excitation from a higher state upon collision)
(Re-combination to form neutral atom from an ion)
(Spontaneous de-excitation to a lower level)

e+A A +e
e + A+ Agr
A* A + e
**

*

In this work, the choice of MPT, therefore, was able to serve both the purposes of
(i) excitation source (i.e. source of energetic electrons) for the electron impact excitation
cross section measurement, and (ii) an efficient atomization and excitation source in the
development of a portable size instrument for element.
2.6

Energy Level Diagram of Mercury

Figure 2.7

Energy level diagram of Hg.
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Figure 2.7 demonstrates the energy level diagram of mercury atom (IP= 10.43
eV). The ground state of mercury is the 5d106s, level and is represented by 6s21S0, as
shown in the figure. The subsequent excited states shown belong to different energy
levels of 5d106s6p and 5d106s7s levels. The figure depicts the atomic energy level
diagram of Hg up to energy level corresponding to 7.926 eV above the ground level. The
different transition lines occurring in this energy region are shown in the figure. The
strongest transition line of mercury originates as a result of a transition between the
ground state and the regular 6s6p 3P1 level which is at E =39412.30 cm-1 (equivalent to
4.886 eV). The first metastable state is 6s6p 3P0 at 4.667 eV above the ground level. The
404.65 nm and the 435.83 nm transition lines which results from the transitions 6s7s
3

S1 6s6p 3P0 and 6s7s 3S1 6s6p 3P1, respectively, are the second strongest transition

lines in this energy range (NIST atomic database). The transition lines corresponding to
407.78 nm and 546.07 nm are relatively weak.
In the present study we have focused on obtaining CRDS absorption spectra with
a 404.65 nm laser wavelength, i.e., for the transition 6s6p 3P0 6s7s 3S1. The 6s6p 3P0
energy level being metastable has its own importance; additionally, electron impact
excitation cross sections out of metastable levels are of special interest from
spectroscopic point of view.
One of the motivations behind using the 404.65 nm transition line is the fact that
there have become available small size diode lasers in the market at that wavelength.
Therefore, in view of designing a portable size instrument for mercury detection, the
404.65 nm transition is a suitable choice.
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CHAPTER III
A NEW OPTICAL METHOD OF MEASURING ELECTRON IMPACT EXCITATION
CROSS SECTION OF ATOMS: CROSS SECTION OF THE
METASTABLE 6S6P 3P0 LEVEL OF HG

3.1

Abstract
We report a new method that is potentially applicable to the measurement of

electron impact excitation cross sections of any atom. Measurement of the cross section
of the metastable 6s6p 3P0 level of mercury is conducted to demonstrate the method,
which involves using cavity ringdown spectroscopy to determine the absolute number
density of mercury atoms in the 6s6p 3P0 energy level. The measured cross section is 1.7
× 10-17 cm2 and is in agreement with the literature values. Compared with optical
methods that have been used during the last three decades, this new approach not only
serves as an alternative optical method, but also is applicable to atoms under both high
and low pressure conditions.

Note: The major contents of this chapter have been taken from Physics Letters A 375 (2011) 2366-2370.
Copyright (2011), with permission from Elsevier B.V
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3.2

Introduction
The study of electron-atom collision processes is essential to the understanding of

physical and chemical fundamentals in many fields, such as atomic physics, plasma
physics, and plasma gas kinetics. Atoms under electron impact excitation can be excited,
theoretically, to any excited states (or levels) because the excitation process is free of the
optical transition selection rules, such as the angular momentum and spin selection rules.
One of the key parameters to characterize the electron-atom collision processes is the
electron impact excitation cross section (EIECS). Since its introduction in 1981,the laser
excitation fluorescence spectroscopy has been the dominant optical method used to
measure EIECS [1]. This method was initially implemented in conjunction with optical
emission spectroscopy (OES); it has now been evolved to use OES alone to determine the
EIECS. Majority of the experimental database on the cross sections of atoms in either
regular excited states (spontaneous transitions are allowed) or long lifetime metastable
states (spontaneous transitions are forbidden) has been developed based on the
aforementioned technique [2-4]. Except for the OES, the electron energy loss technique,
and theoretical calculations [5, 6], to date, no other well accepted method has been
available to determine the EIECS. The conventional single-pass absorption spectroscopy
method was once reported to measure the EIECS [7, 8]; however, this method, due to its
low sensitivity, requires number density of the state of interest be sufficiently high. Thus,
it has been abandoned.
We report a new method to determine the EIECS of atoms, and this technique will
be applicable to the measurement of the EIECS of atoms in either regular excited states
or metastable states. Determination of the EIECS of atoms in a metastable state is more
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challenging than in a regular excited state because the population number density in a
metastable state is typically several orders of magnitude lower than the density in the
ground state and no optical emissions from the metastable state are observable. The new
method involves the determination of the absolute number density of the atom in the state
of interest using cavity ringdown spectroscopy (CRDS) [9]. Due to its high sensitivity
stemming from the multiple-pass nature of the technique, CRDS, can be used to measure
the absolute number density of atoms in low concentrations; however, its potential for the
determination of EIECS of atoms has not be explored to date. In this Letter, we
demonstrate the new method by measuring the EIECS of the metastable 6s6p 3P0 level of
mercury (Hg), in which the absolute number density of Hg atoms in the 6s6p 3P0 level is
measured using the CRDS technique and the population of Hg atoms in the metastable
state is achieved through impact excitation of the electrons generated in an atmospheric
pressure microwave plasma. We use the measured number density of the metastable 6s6p
3

P0 level to solve the four-energy levels’ rate equations of Hg to obtain the EIECS of the

state.
3.2.1

Optical Method of measuring EIECS: Emission
Figure 3.1 shows a typical excitation scenario with a two energy level system.

The energy level a is a lower level and the energy level b is a higher than a. Upon
collision with a beam of electrons the atoms in the energy level a are excited to the
energy level b; this excitation process is called excitation out of the level a. In practice
the level a can be any energy level in general including ground state. In the figure the
energy levels above b has been denoted by j while all the energy levels lying below the
energy level b has been denoted by i.
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Figure 3.1

A general excitation case shown with two-energy level system.

The population rate equation for the energy level b at any given time t can be
written as,

dnb
  e naQbdir   n j Ajb   nb Abi
dt
j b
i b
(3.1)
The first term in the right hand side (RHS) denotes the population increase rate of
b by direct excitation (electron impact) from the energy level a; where Φe, na, and Qbdir
represents the electron flux per unit area, population density of the level a, and direct
electron impact excitation cross section of energy level b out of the level a, respectively.
The second term on the RHS represents the rate of increase of the population of the
energy level b as result of spontaneous emission from the all the energy levels above b
(represented by j), and the third term represents the rate of loss of the population density

37

of the level b as a result the spontaneous transition from the level b to a different levels
lower than b (represented by i).
After the system achieves the steady state condition,
dnb
0
dt

(3.2)

Therefore, at steady state condition, Eq. (3.1) modifies to

 e na Qbdir 

n A n A
b

bi

j

i b

Qbdir 


i b

jb

j b

nb Abi

 e na

 n

(3.3)

n j Ajb

j b

e

a

(3.4)

The terms optical cross sections have been defined as,
Qbiopt 

nb Abi
 e na

n j Ajb
opt
and Q jb   n
e a

Subsequently, the Eq. 3.4 further modifies to

Qbdir 

Q  Q
opt
bi

i b

j b

opt
jb

(3.5)

Again, by the definition, the first term on the RHS of Eq. (3.5) is called “Apparent
cross section” (all optical cross sections out of b) and the second term is called “Cascaded
cross section” (all optical cross sections into b), i.e.,
QbApp 

Q

opt
bi

i b

Cas
and Qb 

Q
j b

Therefore, we have from Eq. (3.5),
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opt
jb

Qbdir  QbApp  QbCas

(3.6)

The Eq. (3.6) suggests that in order to measure the direct cross section to the
energy level b, one need to measure all the optical cross section in and out of the energy
level b. In actual practice it is difficult to measure the contributions from each and every
level above and below the level b, because of the wide range of emission wavelengths.
However, the apparent cross section can be determined if the cascaded contributions can
be estimated using the Eq. (3.6) QbApp  Qbdir  QbCas .
3.2.2

LIF Method to measure EIECS
The method to measure EIECS using the LIF technique is explained in this

section. As described in literature [1-4], the methodology is explained with a three energy
level system, as shown in Figure 3.2.

Figure 3.2

Schematic representing LIF method for the measurement of EIECS.
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In this particular example, the energy level b is a metastable level (optical
transition not allowed), whereas energy level c is regular level (optical transition
allowed). The energy level a may be ground level. In general there has been considerable
interest in studying excitation ‘into’ and ‘out’ of a metastable level, because of its
applications in utilities like lasers and other gaseous discharges. In the present case, as
shown in the figure, excitation to the energy level b from a takes place only through the
electron impact excitation process. Upon collision with the electrons, atoms in energy
level a rise to level b by direct impact excitation process which is termed as excitation out
of the level a, or excitation into the metastable level b. If energy level a is the ground
energy level, then this process is termed as excitation out of the ground state. Some of the
atoms in other higher levels may in also rise to the energy level c through step wise
excitation process. Since, the level c is a regular level and as shown in the figure the
transition from c to b is allowed, therefore, the energy level c can undergo spontaneous
emission from cb. If this emission is strong enough it can be recorded in the emission
spectrum. The intensity of emission from cb depends on the population density of the
energy level c. Higher the population density of c, more intense would be the emitted
intensity.
In LIF method, a laser tuned to wavelength equivalent to the energy gap between
c and b is employed to optically pump the atoms in the energy level b to the energy level
c. As a result, the population of the level c increases and so does the intensity of the
emitted line cb. The increase in the population density of c is dependent on the amount
that is being pumped out of the level b by the laser beam, which in turn depends on
population density of the level b. On the other hand, solving the steady state population
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rate equation of the energy levels b and c, the population density of the level b, i.e. nb,
can be expressed in terms of na, optical cross sections and the Einstein’s coefficients of
various transitions taking place. Subsequently, the differences in the intensities of the
transition cb in the two cases, namely laser OFF and laser ON is utilized to determine
the concerned excitation cross section. Further, external calibration is used to obtain
absolute values. A detailed explanation of this method can be found elsewhere [1-4].
3.3

Experimental Setup of the Present Work
Figure 3.3 shows a schematic diagram of the experimental system, which consists

of an atmospheric argon microwave plasma torch (MPT) excited by a 2.45 GHz
microwave source, a CRDS system, an OES system, and an Hg sample introduction
portion. The MPT was located in the middle of the ringdown cavity with a mirror (R=
99.93 %) separation of 73 cm. A 405 nm laser beam was generated by a narrow linewidth
(0.075 cm-1 at 500 nm) OPO system (SpectraPhysics, MOPO-HF-FDO 290) with a pulse
repetition rate of 10 Hz and output power at 405 nm of 50 mW. The emissions of Hg at
405 and 254 nm were simultaneously recorded by an optical emission spectrometer
(Avantes) with a spectral resolution of 0.07 nm at 350 nm. In the experiment, various
concentrations of Hg solutions, ranging from 20 ppm to 500 ppm (Absolute Standards,
Inc.) were introduced into the MPT through an ultrasonic nebulizer that converted the
aqueous solutions into a gaseous vapor carried by argon gas.
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Figure 3.3

3.4

Schematic of the combined plasma-CRDS experimental system utilized in
the present work.

Results and Discussion
Measured ringdown spectra of Hg around 405 nm are shown in Figure 3.4. To the

best of our knowledge, this is the first report of optical absorption spectra of Hg at 405
nm. This is partially due to the fact that the ground state of the 405 nm transition is a
metastable state, whose population requires using a non-optical excitation routine, such
as the electron impact excitation described herein.
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Figure 3.4

Cavity ringdown spectra of Hg around 405 nm.

The population of Hg in the ground state of the 405 nm transition was excited by
energetic electrons created in the low power atmospheric pressure microwave plasma
torch. Averaging over 100 ringdown events yielded the ringdown baseline stability of 0.4
% when the plasma was turned on. Electron energies in the low power (120 W) MPT
ranged from 0.5 to 10 eV, and the estimated electron density was ~1012 electron cm-3
[10]. The atomic number density of Hg in the metastable 6s6p 3P0 level was measured via
the cavity ringdown technique:

n

1 1
  
c abs l   0 
d
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(3.7)

where σabs is the absorption cross section of the Hg atom at 404.657 nm, c is the speed of
the light, d is the mirror spacing, l is the laser beam path-length in the plasma, and τ and
τ0 are the ringdown times with and without Hg samples in the plasma, respectively [11].
The absorption cross section of the 405 nm line was calculated to be 4.5 × 10-13 cm2 atom1

based on a Voigt lineshape under the operational condition of the atmospheric plasma,

whose plasma gas temperature was 2000 K. When a 50 ppm sample solution was
introduced into the plasma torch, the measured ringdown times τ0 and τ were 3.22 µs and
3.03 µs, respectively, from which the absolute number density of Hg in the 6s6p 3P0 level
was determined to be 5.26 × 108 atoms cm-3, which was three orders of magnitude lower
than the total Hg number density in the plasma, 3.75 × 1011 atoms cm-3. In order to
measure such low number density in the metastable state, the optical path-length needs to
be 100 meters or longer if the conventional single-pass absorption spectroscopy is
employed.
Using the measured number density of the metastable state and known experimental
parameters, we solved the population rate equations for a four-energy system of Hg to
obtain the EIECS. Figure 3.5 shows the four lowest energy levels of Hg. The population
of Hg atoms in the energy levels higher than 10 eV was neglected since the upper limit of
the electron energy in the low power microwave plasma was approximately 10 eV.
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Figure 3.5

Diagram representing the schematic of the four-energy level system of Hg
atom.

The rate equations for the four-energy level system, similar to the ones reported by
Phillips et al. [1], can be written as:
dna
 ng (ne v)Qa   n j A ja  nc Aca  Bac  ( )na  Bca  ( )nc  na Aa
dt
j a
j c

dnb
 ng (ne v)Qb   n j A jb  nb Ab
dt
j b
dnc
 ng (ne v)Qc   n j A jc  nc Ac  Bca  ( )nc  Bac  ( )na
dt
j c
dn g
dt

(3.8)

(3.9)

(3.10)

 R ( p )  ng ( ne v )(Qa  Qb  Qc )   n j A jg
jg

(3.11)

where Qa, Qb, and Qc are the direct electron impact excitation cross sections for
the ‘a’, ‘b’, and ‘c’ energy levels, respectively; na, nb, nc, and ng are the Hg population
densities of the ‘a’, ‘b’, ‘c’, and ground state energy levels; ne and v are the electron
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density in the plasma and electron drift velocity, respectively; Ajiand Bji are the Einstein
coefficients for spontaneous and stimulated transitions from the respective excited level
‘j’ to the corresponding lower level ‘i’; ρ(ν) is the laser beam energy density; and R(p)
represents the rate at which Hg sample is being pumped into the plasma (atoms cm-3 s-1).
In the rate equations above, na is experimentally measured using CRDS as described
above, R(p) and ρ(ν) are known from the experiment, and Aji and Bji are calculated using
the data from the NIST atomic database.
In this four-energy level rate equation model, the following assumptions were
made: (i) Excitation to higher energy levels happen only through electron impact. (ii) Deexcitation of an atom from a higher level to a lower level takes place only through optical
emissions, namely, spontaneous emissions and/or stimulated emissions when laser
radiation is present, e.g., in the case of CRDS measurements. (iii) All of the Hg atoms
inside the plasma are distributed only among the four energy levels: ‘g’, ‘a’, ‘b’ and ‘c’;
nTotal  ng  na  nb  nc

(3.12)

Therefore, under a steady state condition, the equations reduce to:

ng (nev)QaA  nc Aca  Bac  ( )na  Bca  ( )nc  na Aa  0

(3.13)

ng (nev)QbA  nb Ab  0

(3.14)

ng (nev)QcA  nc Ac  Bca  ( )nc  Bac  ( )na  0

(3.15)

R( p )  ng (nev)(Qa  Qb  Qc )   n j A jg  0
jg
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(3.16)

where QiA represents the apparent electron impact excitation cross section of level
‘i’ (i = a, b, c) and is defined as QiA  Qi   Q ji . In general, the optical emissions
j i

correlate to the electron excitation as

n g (ne v)Q ji  n j A ji

(3.17)

Using the relative emission intensity ratio of the Hg 253.652 line to the Hg 404.657
line measured in the emission spectra in this experiment, η = 36, we have



I (253.652 nm) nb Ab
.

I (404.657 nm) nc Aca

(3.18)

When no laser beam is present in the plasma,

nb Ab  ng (ne v)QbA

(3.19)

nc Aca  [ng (nev)QcA na (nev)Qac  nb (nev)Qbc ]

(3.20)

The left-hand side of Eq. (3.19) represents the rate at which the energy level ‘b’
decays spontaneously, and the right-hand side represents the rate at which level ‘b’ is
populated by the electron impact process. Similarly, ncAca in Eq. (3.20) represents the
rate at which the energy level ‘c’ spontaneously decays to the metastable level ‘a’, and
the terms in the right-hand side are the rates at which level ‘c’ is being populated by the
electron impact excitation from the ground level ‘g’, energy level ‘a’, and energy level
‘b’, respectively. For a given energy level, the apparent electron excitation cross section
is always greater than any other cross section (e.g., direct cross section, emission cross
section). Along with that, the population density of the ground state energy level (ng) of
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an atom in a low power MPT remains significantly higher than the population density of
any other higher energy level of that atom. Therefore, the first term on the right-hand side
of Eq. (3.20) is sufficiently dominant than the other terms. Second term and onwards,
therefore, can be neglected for their insignificant contribution. From Eqs. (3.19) and
(3.20), we have
nb Ab QbA

nc Aca QcA

(3.21)

Thus, from Eqs. (3.18) and (3.21), we have
QbA  QcA

(3.22)

When the laser is switched on for the CRDS measurements, Eq. (3.18) is modified
to be:
I (253.652nm)
nb Ab

I (404.657 nm) nc ( Aca  Bca  )

(3.23)

In the case of CRDS experiments with a photon flux of 1.83 × 1017 photon cm2 s-1
inside the cavity, the value of Bca ρ (~ 104 s-1) is sufficiently smaller than Aca. Therefore,
from Eqs. (3.18) and (3.23), we obtain a relation which is applicable to the cases when
the laser radiation is present:

nb   (

Aca  Bca 
)nc
Ab

(3.24)

The calculated Bca and Bac are 5.26 × 1020 m3 J-1 s-1 and 1.57 × 1021 m3 J-1 s-1,
respectively.
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Using the measured number density of the metastable state na and the derived
relations expressed in Eqs. (3.22) and (3.24), we solved Eqs. (3.12) – (3.16) to obtain the
EIECSs of the energy levels a, b, and c, as illustrated in Figure 3.5. The cross sections
determined using this method are tabulated in Table 3.1.

Table 3.1

Measured electron impact excitation cross sections of the three lower energy
levels of Hg, using the CRDS method (this work) vs. cross sections
measured using other methods reported in the literature.
Cross section (cm2)

Cross section (cm2)

(This work)

(From literature)

(Electron energy 0.5 – 10 eV)

(Electron energy 4 – 10 eV)

Electronic
configuration
2.2 × 10-17 – 3.1 × 10-17 [Ref. 12] a)
3

6s6p P0

7.5 × 10-17 – 8.8 × 10-17 [Ref. 12] b)

(1.7 ± 0.4) × 10-17
(4.66 eV)

1.0 × 10-17 – 3.5 × 10-17 [Ref. 13]
6.5 × 10-18 – 1.4 × 10-16 [Ref. 14]c)
6s6p 3P1

(9.0 ± 2) × 10-17

1.0 × 10-18 – 1.8 × 10-16 [Ref. 15] c)

(4.88 eV)
1.8 × 10-18 – 2.3 × 10-16 [Ref. 16] c)
6s7s 3S1

2.6 × 10-18 – 5.9 × 10-17 [Ref. 17] c)
(2.5 ± 0.6) × 10

-18

2.6 × 10-18 – 1.0 × 10-16 [Ref. 18] c)

(7.73 eV)
a

From the distorted wave correction method; b From Born approximation method; c Taken from the review
paper by Heddle et al. (Ref. 19).

For the metastable state, no experimental data for the electron energy less than 10
eV are available for a comparison; however, the cross section measured in this work is in
good agreement with the theoretical calculations [12, 13]. One point to note is that the
available literature data were obtained in a reduced pressure environment with mono49

electron energy in the range of 4 - 10 eV and the cross sections obtained in this work
were obtained with averaged electron energy over the range of 0.5 - 10 eV in atmospheric
plasma conditions; nevertheless, the measured cross sections in this work are still in
good agreement with the values reported in a review article [19] which included cross
sections obtained by different groups [14-18].
3.5

Conclusion
In conclusion, this study introduces a new optical method to measure electron

impact excitation cross sections of atoms. The method described in this work can
certainly be implemented with a mono-energy electron source in future work. The
method demonstrated in this work for the Hg four-energy system that includes a
metastable state can be readily applicable to a non-metastable three-energy level system
for any other atom; in the non-metastable three-energy level system, the relative emission
intensity ratio of the two transitions as used in Eq. (3.18) is not needed and the CRDS
measurements alone can yield the direct determination of the cross sections of the three
energy levels. This new method will be potentially a universal tool to help study electronatom collision processes in extended experimental conditions, such as atoms in high
pressure where implementation of the laser excitation fluorescence spectroscopy method
is often hindered by the fluorescence quenching effect.
3.6
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CHAPTER IV
DETECTION OF ELEMENTAL MERCURY WITH ELECTRON IMPACT
EXCITATION-CAVITY RINGDOWN ABSORPTION SPECTROSCOPY USING 405
NM LASER WAVELENGTH.

4.1

Abstract
In this chapter we describe the measurement of elemental mercury (Hg) using the

405 nm transition line. The 405 nm (404.65 nm to be precise) transition line of Hg
originates as a result of optical transition from the metastable state 5d106s6p3P0 to the
upper state 5d106s7s 3S1 of mercury. Observation of absorption spectra and measurements
of the absolute number density of Hg in the metastable state were achieved by stepwise
electron impact excitation-cavity ringdown absorption technique. In the first step, the Hg
atoms were populated in the metastable state, i.e., 5d106s6p3P0, through the electron
impact excitation by energetic electrons (< 10 eV) generated in an atmospheric argon
microwave plasma torch. Subsequently the detection of Hg was achieved via cavity
ringdown spectroscopy (CRDS). The merit of this work is that it has introduced an -

Note: The major contents of this chapter have been adapted from J. Anal. At. Spectrom., 2012, 27, 284292. Copyright (2012), with permission from The Royal Society of Chemistry.
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alternative way to measure Hg using a palm-size 405 nm laser source. This can
potentially lead to a portable mercury ringdown spectrometer without constraints of
importability of 254 nm laser sources. In comparison with the 254 nm line of Hg, the 405
nm line has no plasma-associated spectroscopic interferences, such as absorption of the
OH rovibrational lines. One analytical limitation of the detection of Hg at 405 nm is the
low detection sensitivity achieved in this exploratory study, 50 g ml-1 in aqueous sample
solutions, compared with the previously reported detection sensitivity of 9.1 ng ml-1 using
the plasma-CRDS technique at 254 nm. Given an improved plasma excitation sourceCRDS system, theoretical detection limits at 405 nm are estimated to be 50 ng ml-1 and
1.2 ppbv in aqueous samples and in gaseous samples, respectively. These sensitivities are
still desirable in many applications when real-time, portable, and in-line analysis all
become a major concern.
4.2

Introduction
In plasma cavity ringdown spectroscopy (plasma-CRDS), a plasma source, such

as inductively coupled plasma (ICP) or a microwave plasma torch (MPT), is placed
inside the ringdown cavity to generate atoms from the analytical compounds that are
injected in the plasma and CRDS is utilized as a detector to quantify absolute
concentrations of the atoms of interest [1-6]. In addition to the plasma atomization
sources, a graphite furnace or a chemical reaction tube have also been implemented as an
atomization source and coupled with CRDS to achieve atomic measurements [7-8].
Atoms can be also generated via sputtering, followed by the ringdown detection in the
study of material processing [9]. While different atomization sources have been coupled
54

with CRDS for atomic measurements, a plasma atomization source has proven to be
more attractive. To date, the plasma-CRDS technique has been demonstrated for its
application to measure several environmentally important elements and isotopes,
including Hg, Pb, Sr, Mn, Hg isotopes, 235U, and 238U. Detection sensitivities range from
pg ml-1 to ng ml-1 (1 pg = 10-12 g, 1 ng = 10-6 g) [1-2, 10-16]. Although improving the
detection sensitivity of the plasma-CRDS technique is still under study, one challenging
issue that needs to be addressed is the instrumental portability of the plasma-CRDSbased spectrometers. Currently no single portable plasma-CRDS spectrometer has been
reported, mainly due to the high cost and bulky geometry of the laser source, given the
fact that a compact, automated plasma source has recently become available [17]. Using
measurements of elementary mercury (Hg (I) or Hg) as an example, we have found that
the majority of atomic absorption spectral measurements of Hg have been carried out
using the well-known 254- nm transition line. The transition line has been used in cold
vapor atomic absorption spectroscopy (CV-AAS) [18], atomic fluorescence spectroscopy
(AFS) [19], differential optical absorption spectroscopy (DOAS) [20], laser atomic
absorption spectroscopy (LAAS) [21], and atomization source coupled-CRDS [8, 14-15,
22]. A Hg 254-nm lamp is typically used as the light source for low sensitivity atomic
absorption analysis; however, for high sensitivity spectral measurements of Hg at 254
nm, a laser source, such as an Nd:YAG-pumped dye laser, a frequency doubled diode
laser, a frequency mixing of two diode laser, or a narrow linewidth (OPO) system, must
be used. One noticeable barrier in the development of a portable mercury spectrometer is
the aforementioned bulky and expensive 254-nm laser source [23], which makes fielddeployable instrumentation practically impossible. There are two possible ways to
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circumvent this obstacle: the development of a new generation 254 nm compact light
source or the use of a different Hg transition line, in which a relatively inexpensive,
compact laser source operating at that wavelength is currently available. The objective of
this study is to investigate a new absorption spectral method to detect Hg using the 405
nm transition line, in which a palm-sized, single wavelength (405 nm) diode laser has
recently become available.
Unlike that of the 254-nm transition, the lower state of the 405-nm transition is a
metastable state- 5d106s6p3P0 [24]; therefore, a technique must be implemented to
efficiently populate Hg atoms in the metastable state prior to the absorption of the Hg
atoms. Additionally, the atomic number density in a metastable state is typically 103 105 times lower than the number density in the ground state [25]. Thus, direct
measurements of number densities of Hg in the metastable state become very challenging
if the total Hg number density is low. Very few publications have reported measurements
of number density of Hg in the metastable state. Uhl et al. attempted to measure Hg at
404.657 nm (the 405 nm line) using the wavelength modulation diode laser AAS method,
in which the 5d106s6p3P0 metastable state were populated through radio frequencyinduced low pressure discharge. However, no detectable absorption was observed even
though high concentrations of mercury were used [26]. Horiguchi and Tsuchiya claimed
that they detected Hg in the 5d106s6p3P0 metastable state in the study of quenching cross
sections of Hg (5d106s6p3P0, 5d106s6p3P1) with various quenching gases in a low pressure
gas cell. However, no measured number densities of Hg in the 5d106s6p3P0 metastable
state were reported in the paper [27]. An earlier publication reported a study of the
collision process of electrons with Hg atoms in the metastable state using the electron
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impact excitation-laser excitation fluorescence technique, but no absolute number density
of Hg was quantified [28]. To the best of our knowledge, spectroscopic data, such as
absorption cross section, possible spectral interferences, etc., on the Hg 405 nm line are
not available; neither a theoretical detection sensitivity nor an experimental one of the
detection of Hg at 405 nm using a laser absorption spectral technique has been reported
to date.
In the present work, we describe a new approach, namely, a stepwise electron
impact excitation-cavity ringdown absorption spectrometry (SEIE-CRAS) to directly
measure Hg at 405 nm. Similar approaches have been reported recently to measure
fluorine atoms and to study electron impact excitation cross sections of Hg [29-30], but
this work focuses on the study of spectroscopic fundamentals in the detection of Hg using
SEIE-CRAS at 405 nm and the method of the spectrometry, which is potentially
applicable to measuring other environmentally important elements and isotopes. Section
4.2 introduces the principle of the SEIE-CRAS technique to detect Hg at 405 nm. Section
4.3 describes the experimental system, and Section 4.4 reports measurements of Hg at
405 nm using the SEIE-CRAS with a tunable narrow-linewidth OPO laser and a palmsize single wavelength diode laser, and discussion. Subsequently conclusion has been
presented. Absolute number densities of Hg in the metastable state are determined using a
calculated absorption cross section of the 405 nm line; detection sensitivity, proposed
improvement, and potential spectral interferences are discussed.
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4.3

4.2 Principle of the Stepwise Electron Impact Excitation-Cavity Ringdown
Absorption Spectrometry for Mercury
Figure 4.1 shows a schematic of the four-energy states of elemental mercury

relative to the two transition lines at 254 and 405 nm. The lower state of the 405 nm
transition, 5d106s6p3P0, is a metastable state and has an energy of 37645 cm-1 (1 eV =
8066.2 cm-1) while the lower state of the 254 nm transition, 5d106s21S0, has an energy of
zero cm-1 [24]. Observation of the Hg absorption at 405 nm requires excitation of Hg
from the electronic ground state, 5d106s21S0, to the metastable state prior to the cavity
ringdown measurements of Hg. In the SEIE-CRAS technique, an atmospheric microwave
plasma torch is employed as an atomization source to generate Hg atoms from standard
analytical Hg solutions and also functions as an electron impact excitation source to
excite Hg atoms to the 5d106s6p3P0 metastable state that is then probed by cavity
ringdown spectroscopy. The number density of Hg in the metastable state is dependent on
the electron impact excitation cross section of the state and the total Hg number density
in the plasma [30-31]. Under a careful control of the experimental parameters, such as
plasma power, plasma gas flow rate, sample introduction rate, and laser beam position,
the number density of Hg in the metastable state is approximately constant when the Hg
energy system reaches a steady state, which can be experimentally achieved. The
experimental design is based on the following principles:
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Figure 4.1

Schematic of the four-energy level system related to the transitions of Hg at
254 and 405 nm.

e (> 4.667 eV) + Hg (5d106s2 1S0)  Hgmet (5d106s6p 3P0) + e

(4.1)

e (> 7.730 eV) + Hg (5d106s2 1S0)  Hg* (5d106s7s 3S1)  Hgmet (5d106s6p 3P0) +
h (at 405 nm) + e

(4.2)

CRDS
Hgmet (5d106s6p 3P0) + h (at 405 nm)  Hg* (5d106s7s 3S1)

(4.3)

n

1 1
  
c abs l   0 
d

(4.4)

where Hg* and Hgmet denote the excited state and the metastable state, respectively.
4.667 eV is the excitation threshold energy of the metastable state [24, 32-33]. Electron
impact excitation of higher Hg states requires larger electron energies, for instance,
>7.730 eV is needed for excitation of the 5d106s7s 3S1 state. Note that the metastable state
population is determined by the apparent excitation cross section which includes the
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direct excitation cross section and the cascade excitation cross section [31, 34]. Equation
(4.1) relates to the direct excitation process and equation (4.2) relates to the cascade
excitation process. Both processes contribute to the net excitation effect of Hg in the
metastable state. Equation (4.3) represents the ringdown absorption process. In equation
(4.4), n is the atomic number density of Hg in the metastable state to be measured via the
cavity ringdown technique. σabs is the absorption cross section of Hg at 404.657 nm, c is
the speed of the light, d is the mirror spacing, l is the laser beam pathlength in the plasma,
and τ and τ0 are the ringdown times with and without Hg sample in the plasma
respectively. The entire SEIE-CRAS process is governed by Equations (4.1) to (4.3) and
quantification of the atomic number density of Hg in the metastable state is determined
via Equation (4.4).
4.4

Experimental System
The schematic of the experimental system used in the experiment have been

shown in Fig. 4.2. The major part of the setup consists of two laser units, a microwave
plasma source, a cavity ringdown system, an optical emission spectrometer, and a sample
introduction portion. The specifications and the arrangement of different parts of the
experimental setup are being described in detail in the subsequent section.
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Figure 4.2

Schematic of experimental setup.

(i) Laser systems: Two laser sources, namely MOPO-HF-FDO (SpectraPhysics)
and a diode laser (CrystaLaser) were employed to generate laser beams at 405 nm. The
MOPO-HF-FDO which was operated at 20 Hz with a narrow linewidth (0.075 cm-1 at
500 nm), was used as the tunable light source for spectral scanning around 405 nm. In
order to map out the atomic transition line of Hg, the scanning step of the MOPO laser
was set at 0.001 nm/step. The diode laser was custom-designed for single wavelength
404.657 nm to be employed for ringdown measurements of mercury. The laser diode was
externally triggered to generate a series of laser pulses with a repetition rate of 10 Hz, a
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typical linewidth of < 0.006 cm-1, and a single pulse energy of 3 to 5 µJ. The laser
wavelengths were monitored by a UV wavemeter (Burleigh WA-5500).
(ii) Plasma-CRDS setup: A ringdown cavity of length 50 cm was constructed
using a pair of plano-concave mirrors. The reflectivity of the mirrors was measured to be
99.91% at 405 nm. The microwave plasma torch (MPT), positioned at the center of the
cavity, was excited by a 2.45-GHz microwave power generator. The experiments were
conducted at plasma power of 150 W. 99.99% pure argon gas (Airgas) was used for both
the purposes, namely plasma support and as the sample carrier gas. In addition it was also
used to back flow in the membrane tube connected to the desolvator. A constant supply
of the argon gas was maintained for a sustained plasma. The argon gas flow rates in the
three gas flow channels were 0.5, 0.5, and 1.0 liter per minute (lpm), respectively. The
average electron energy in this microwave plasma torch was in the range of 3 to 5 eV,
and the electron density was ~1012 electron cm-3 [35-36]. The laser beam path-length in
the plasma was in the range of 2 to 5 mm, depending on the location of the laser beam in
the plasma.
(iii) Sample injection: The samples were injected into the plasma in the form of
aerosol using argon as the carrier gas. Mercury sample solutions of different
concentrations were generated via dilutions of the standard 1000 g ml-1 Hg aqueous
solution (Absolute Standards, Inc.,) with a 2% nitric acid solution.
The liquid solution was first injected into an ultrasonic nebulizer (U-5000 AT+,
CETAC Technology) using a peristaltic pump. The sample uptake rate by the peristaltic
pump was 1 mL min-1. The nebulizer, operating at the heating temperature of 140 0C and
cooling temperature of - 4 0C, generates fine wet aerosols of the mercury solution with an
62

efficiency of around 10%. The aerosols so generated, were carried to the MPT by a
flowing stream of argon gas at the flow rate of 0.5L min-1. In order to get rid of the
excess moisture present with the sample, a desolvator membrane tube wrapped with a
heating tape, was used to carry the aerosol sample + carrier gas mixture from the
nebulizer outlet to the MPT. A back flow of argon, flow rate 0.5 L min-1, was used to
absorb the moisture separated out of the desolvator membrane. Furthermore, the aerosol
+ gas mixture coming out of the desolvator tube was passed through a box filled with
moisture absorbing granules, to remove excess water vapor. Here, it would be worth
mentioning that microwave plasmas are very sensitive to moisture. The presence of
moistures destabilizes the plasma severely, which in turn could hamper its efficiency to
atomize and excite the sample atoms present in the plasma.
4.5
4.5.1

Results and Discussion
SEIE-CRAS Using the Tunable MOPO Laser Source
The cavity ringdown spectra of Hg around the 404.657 nm transition line (the 405

nm line) obtained using the SEIE-CRAS technique is shown in Figure 4.3, which so far is
the first report on laser absorption spectra of Hg at 405 nm using the electron impact
excitation coupled with CRDS. In the present study, the lowest mercury concentration at
which a distinct Hg absorption peak could be recognized was 75 g ml-1. Each data point
in the scans, shown in Fig 4.3, is an average of 100 ringdown events. The baseline noise
obtained with no plasma present in the ringdown cavity was 0.4%, whereas with plasma
ON, operating at 150 W, the base line was recorded to be approximately 0.6%.
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1.80
1.75
1.70
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1.65
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Ringdown time (s)

1.75
1.70

150 ppm
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1.80
1.75
1.70

250 ppm

1.65
1.80
1.75
1.70

350 ppm

1.65
404.630 404.635 404.640 404.645 404.650 404.655 404.660 404.665 404.670 404.675

Wavelength (nm)

Figure 4.3

Absorption spectra of Hg around 405 nm using stepwise electron impact
excitation-cavity ringdown absorption spectrometry

The ringdown scans were conducted from wavelengths around 404.630 nm to
404.675 nm. As shown in the figure, the absorption dip in the vicinity of 404. 65 nm
became more and more apparent as the solution concentration of Hg was increased from
75 g ml-1 to 350 g ml-1. The small kinks in the absorption dip suggest the probable
presence of isotopes of mercury in the sample solution. The results in Fig. 4.3 show that
the proposed method of the SEIE-CRAS to detect Hg at 405 nm is successfully
demonstrated.
Once the Hg absorption spectra were obtained with the MOPO system, the
ringdown system’s response to different sample concentrations at the Hg absorption peak
(404.657 nm) was also examined. Figure 4.4 shows the measured ringdown times versus
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the different sample concentrations in the range of 50 to 500 g ml-1. Higher
concentrations were not measured due to the radiation trapping effect of Hg [37-38]. The
results in Figure 4.4 show that the plasma-CRDS system has a fast response to a change
in the sample concentration. Typically, a response is observed in less than 30 seconds
after the sample vapor is generated. This includes the 15 seconds required for the gas to
flow through the sampling tubing and the time required by the software to average and fit
the detected signal. As can be seen in Figure 4.4, the lowest detected concentration of the
aqueous solution is 50 g ml-1, and the signal has good reproducibility as shown by the
repeatable ringdown times measured in the presence of the blank solution (2% nitric acid
solution) at the beginning and end of the entire measurement series.

1.80

2 % Nitric

Ringdown time (s)

1.75

2 % Nitric
50 ppm Hg
75 ppm

1.70

150 ppm

1.65

250 ppm

1.60

350 ppm

1.55
1.50
1.45
14:52

500 ppm

15:03

15:14

15:25

15:36

15:47

Experimental time (hh:mm)

Figure 4.4

Ringdown measurements of Hg at 405 nm in the different solution
concentrations with OPO system.
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Note that the measured ringdown times reflect the absolute Hg number densities
in the metastable state but may not proportionally reflect the concentrations of the Hg
sample solutions used because of the multiple channel processes as illustrated in Figure
4.1. It is crucial for analytical instrumentation to examine this speculation, since the
ultimate output of an analytical instrument displays the analyte’s concentration in an
actual sample solution of interest, such as the aqueous solution concentrations in this
study. Figure 4.5 shows the calibration curve of the measured absorbance of Hg versus
the sample solution concentration in the range of 50 – 500 g ml-1. Good linearity (R2 =
0.997) was obtained. The linear behavior shown in Figures 4.5 supports the argument that
under current experimental conditions, the absolute number density of Hg in the
metastable state is proportional to the concentration of Hg sample solution. This result
indicates that the Hg aqueous solutions can be analyzed through measuring the absolute
number density of Hg in the metastable state using the SEIE-CRAS technique.

18
16

-5

Absorbance (10 a.u.)
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Figure 4.5

A calibration curve of Hg sample solutions
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500

4.5.2

SEIE-CRAS Using the Palm-size 405 nm Diode Laser
The measurements of Hg at 405 nm were also carried out using the custom-

designed, compact, and single wavelength diode laser. The purpose of this experiment
was to validate the technological feasibility a portable plasma-ringdown Hg spectrometer
using the palm-size laser source. The same wavemeter described above was used to
monitor the diode laser wavelength to ensure the laser was operating at the Hg absorption
peak, 404.657 nm. Figure 4.6 shows the measurement results of a 100 g ml-1 aqueous
solution using the 405 nm diode laser source. In the experiment, the laser head was not
housed in a thermal controlled chamber. A minimal drifting of the laser wavelength
around 404.657 nm generated large noise in the ringdown signals, as shown in Figure 4.6.

Ringdown time (s)

2.40

2% Nitric

2.24
2.08
1.92
1.76
1.60
1.44

-1

100 g ml

100

100

1.28
1.12
15:15

15:25

15:35

15:45

15:55

16:05

16:15

16:25

Experimental time (hh:mm)

Figure 4.6

Ringdown measurements of 100 g ml-1 of Hg at 405 nm with a palm-size
diode laser

(Plasma power = 150 W; gas flow rates = 0.5, 0.5, 1.0 lpm)

However, the reproducibility of the signals was apparent. A similar calibration
curve as shown in Figure 4.3 was also obtained using the diode laser. The results are
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shown in Figure 4.7. The experimental detection sensitivity was estimated to be 50 g
ml-1.

Figure 4.7

Measurements of Hg at 405 nm in the different solution concentrations
with palm size diode laser.

The system’s response to difference aqueous solution concentrations showed
good linearity (R2 = 0.996), as shown in Figure 4.8. The analytical merit of the data
shown in Figures 4.6 – 4.8 will be improved in future studies. Yet, the results in Figures
4.6 – 4.8 demonstrate that mercury was successfully detected using the SEIE-CRAS
technique with the palm-size laser source.
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Figure 4.8

4.5.3

A calibration curve of Hg sample solutions at 405 nm with the diode laser

Measurement of Absolute Number Densities of Hg in the Metastable State
Absolute number densities of Hg measured in each of the sample concentrations

were determined by inserting the measured ringdown times into Equation (4.4). The
optimized laser pathlength in the plasma was 5 mm. No experimental data on the
absorption cross section of Hg at 405 nm is available; however, the absorption cross
section can be calculated based on the following equation [39-40]:



ij



g
g

j

4

A

ji

2 w
i 4 c G

1
V ( a,0)( ln 2) 2

(4.5)

where gj and gi are the upper and lower state degeneracies respectively;  is the
transition wavelength; c is the speed of light; Aji is the spontaneous emission transition
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rate; and wG is the Gaussian component of the lineshape caused by Doppler broadening.
Under the operational conditions of the atmospheric plasma, whose plasma gas
temperature was ~ 2000 K, the lineshape is a predominantly Doppler broadened
lineshape, and the value of V(a,0) is close to 1 [41]. For the mercury 405 nm line, gj/gi =
3 and Aji = 2.1  107 s-1 [24]. This yields an absorption cross section of 4.5 × 10-13 cm2
atom-1. When a 50 g ml-1 aqueous sample solution was introduced into the ultrasonic
nebulizer, the measured ringdown times τ0 and τ were 1.761 µs and 1.732 µs,
respectively, from which the absolute number density of Hg in the 6s6p 3P0 metastable
state was determined to be 7.09 × 107 atoms cm-3 using the calculated absorption cross
section. Similarly, the absolute number densities corresponding to other sample
concentrations were also determined using the measured ringdown times. Table 4.1 lists
the measured absolute number densities of Hg in the metastable state and the
corresponding ringdown times, absorbance, sample solution concentrations, and total Hg
in the plasma.
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Table 4.1

The absolute number densities of Hg in the metastable state measured by the
stepwise electron impact excitation-cavity ringdown absorption technique
using the 405 nm line.

Hg sample
concentration

Total Hg number

Ratios of total Hg
Number density of

density in the

Ringdown time

Absorbance

in the plasma to Hg
the metastable state

plasma

(µs)

(10-5 a. u.)

-1

in the metastable
(atoms cm-3)

(g ml )
(atoms cm-3)

state (± 10)

50

3.75 × 1011

1.732

1.60

7.09 × 107

5300

75

5.62 × 1011

1.724

2.02

8.97 × 107

6260

150

1.12 × 1012

1.685

4.26

1.89 × 108

5930

250

1.87 × 1012

1.621

8.19

3.64 × 108

5140

350

2.62 × 1012

1.579

10.88

4.84 × 108

5410

500

3.75 × 1012

1.511

15.66

6.96 × 108

5390

(The ringdown baseline was 1.761 µs when the plasma was ON)

As can been seen in Table 4.1, the lowest number density of Hg measured in the
metastable state was 7.09 × 107 atoms cm-3, which corresponds to a concentration of 50
g ml-1 in the sample solution. Given the 0.75 ml per minute pumping rate of the sample
solution into the ultrasonic nebulizer (with a 10% nebulizer efficiency) and the known
sample introduction gas flow rate, the total Hg number density generated in the plasma
can be estimated. Using the same estimation method as reported elsewhere [2, 12-13, 16],
the total Hg number density in the plasma was 3.75 × 1011 atoms cm-3. The estimated
total Hg number densities in the plasma for other sample solutions are also listed in Table
4.1. Column 6 lists the ratios of the total number densities to the metastable state number
densities. Comparison of this total number density with the measured absolute number
density of Hg in the metastable state shows that the number density of Hg in the
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metastable state is ~ 103 - 104 times lower than that of the ground state. These low
metastable state number densities (107 - 108 atoms cm-3) are not detectable using the
conventional single-pass AAS technique [26].
4.5.4

The Detection Sensitivities of Hg at 405 nm and Comparisons to the
Detection Sensitivities at 254 nm
The detection sensitivity of Hg can be defined as the detection sensitivity of Hg in

aqueous solutions in terms of g ml-1 or the detection sensitivity of Hg in gas samples in
terms of a partial gas volume, such as ppmv, ppbv or pptv. In this study, the achieved
detection sensitivity in terms of the concentration of the aqueous sample solution is
approximately 50 g ml-1, which corresponds to an equivalent detection sensitivity of a
1.2 ppmv of Hg in a gas sample. These detection sensitivities are significantly lower than
9.1 ng ml-1 in aqueous solutions and 0.2 ppbv in gas samples, as previously reported in
the measurements of Hg using the plasma-CRDS technique at 254 nm [15]. The low
detection sensitivity of Hg at 405 nm suggests that the Hg 405 nm absorption line should
be cautiously utilized if the pursuit of high detection sensitivity is a major analytical goal.
In recent years, several studies have reported measurements of Hg using CRDS at 254
nm coupled with different Hg sources; different detection sensitivities were obtained due
to the use of different Hg sources, mirror reflectivity, and ringdown cavity lengths [8, 1415, 22, 42-44]. The details of the different detection sensitivities are listed in a table in a
recent report [42]. However, to the best of our knowledge, neither an experimental
detection sensitivity nor a theoretical one of Hg using the 405 nm line is available for a
comparison with the results obtained in the present study.
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It would be interesting to estimate and compare theoretical detection sensitivities of
Hg using the 405 nm and 254 nm lines in a single optimized plasma-ringdown system.
The optimized system is defined as an experimental setup that is built toward the best
detection sensitivity by using ringdown mirrors of higher reflectivity at 405 nm and
different configurations of the plasma source allowing a longer laser beam pathlength in
the plasma. The minimum detectable absorbance of a ringdown system is given by [2-6]

(4.6)
where   is the standard deviation of ringdown time  and


is defined as the


ringdown baseline noise or the baseline stability, which is determined by the ringdown
system alignment and the system’s electronic noise limit. An experimentally achievable
value of


for a plasma-CRDS system can be as low as 3 × 10-3 [12, 14]. Mirror


reflectivity in the upper UV – VIS wavelength region is typically lower than that in the
near-infrared, but it can realistically approach 99.99%. Inserting these two parameters
into Equation (4.6) yields a minimum detectable absorbance of the plasma ringdown
system of 3 × 10-7 (a. u.). From the calculated absorption cross section (4.5 × 10-13 cm2
atom-1) of Hg at 405 nm and the laser pathlength (l = 10 cm) in the plasma, the minimum
detectable absorbance yields a number density of 6.66 × 104 atoms cm-3, the lowest
detectable number density of Hg. Although the laser path-length in the plasma is only 5
mm in the present study, a 10-cm laser pathlength in a slit plasma sheet has been reported
[45]. The lowest detectable number density in the metastable state gives a theoretical
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detection sensitivity of 50 ng ml-1, which is equivalent to a detection sensitivity of 1.2
ppbv in gas samples, based on the determined relations shown in Table 4.1.
The calculated absorption cross section of Hg at 254 nm is 2.64 × 10-14 cm2
molecule-1 [15], which is slightly smaller than the earlier reported experimental value of
3.3 × 10-14 cm2 molecule-1 [43], but larger than the most recently reported experimental
value of 2.4 × 10-14 cm2 molecule-1 [42]. Using the same mirror reflectivity (99.99%), the
same baseline noise (3 × 10-3), and the same laser pathlength (10 cm) in the
aforementioned estimates, we obtain a detection sensitivity for Hg aqueous sample
solution of approximately 200 pg ml-1 or a 4.8 pptv for Hg in gas samples if the 254 nm
line is used. A comparison of the two estimated detection sensitivities shows that the
detection sensitivity of Hg using the 254 nm line is theoretically ~ 250 times better than
that when using the 405 nm line. The factor of 250 comes from the combined effect of
the fact that the Hg number density in the lower state of the 254 nm transition is
approximately 5000 times higher than the number density in the lower state of the 405
nm transition and that the absorption cross section of Hg at 254 nm is approximately
twenty times smaller than that of 405 nm line. The details of the theoretical estimates of
the detection sensitivities of the two transition lines and their comparisons are listed in
Table 4.2.

The data shown in Table 4.2 may be useful references when two Hg

absorption lines are considered for different analytical applications, such as when
instrument portability becomes a major concern, the detection sensitivities of 50 ng ml-1
in aqueous solution or 1.2 ppbv in gas samples may be still desirable in many field
applications.
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Table 4.2

Comparison of the theoretical detection sensitivities of Hg at 405 nm and at
254 nm.

Wavelength
(nm)

Number
density
in the
lower
state

254

n

Laser
pathlength in
the
plasma
(cm)
10

405

n/5000

10

4.5.5

Detection sensitivities

Ringdown
baseline
noise,

0.003

99.99%

0.003

99.99%




Mirror
reflectivity

Absorption
cross
section
(cm2)

In aqueous
solutions

In gas
samples

2.4 × 10-14

200 pg ml-1

4.8 pptv

4.5 × 10-13

50 ng ml-1

1.2 ppbv

4.4.5. Discussion on Spectroscopic Interferences Using the SEIE-CRAS
Technique at 405 nm
The issue of spectral interference when using the 405 nm line for Hg detection

becomes much less critical than when using the 254 nm line, where two rovibrational
transitions-R21(21) and P1(15) of the OH A-X (3-0) band are located [15, 46]. Under the
plasma conditions, these two broadened molecular transitions are overlapped into a single
peak centered at 253.650 nm. The Hg atomic transition, 253.657 nm, is located on the
shoulder of this interference peak. When measurements of Hg using the 254 nm line
approach the detection limit, this spectral interference becomes an important issue
whereas the effect on high concentration measurements (the g ml-1 - ng ml-1 levels) is
negligible. Typical species generated in the atmospheric argon microwave plasma include
OH, N2*, N2+, NO, NH, Ar, O, and H [36]. These species have none or negligible
absorption at 405 nm. This fact offers interference-free measurements of Hg at 405 nm
and is an advantage of using the 405 nm line. However, in real applications a sample
solution often contains multiple elements, possible spectral interferences resulting from
the absorption lines around 405 nm of the elements and their associated ions must be
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considered. Table 4.3 lists all possible transition lines of elements and ions in the vicinity
of the Hg 405 nm and 254 nm lines [24]. The full width at half maximum (FWHM) of the
Hg absorption lines at 405 nm and 254 nm under the atmospheric pressure microwave
plasma condition is approximately 0.0025 nm [15]. Theoretically, a minimum
wavelength separation of 2 FWHM is required to resolve two transition lines.
Experimentally, when a wavelength separation between two transition lines is less than 3
FWHM, the two transition lines can be barely resolved. Therefore, the elemental
transition lines that have a wavelength separation of ≤ 5 FWHM are all listed in the table.
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Table 4.3

Absorption lines of the elements and ions in the vicinity of ± 5 FWHM
around the Hg transition lines at 405 nm and 254 nm.
(One FWHM of the Hg absorption linewidth at 254 nm or 405 nm under the
atmospheric microwave plasma condition is approximately 0.0025 nm.)

Elements
and ions

Transition
wavelength (nm)

Distance to the Hg
405 nm line (nm)

Distance to the Hg 405
nm line (FWHM)

Transition lines in the vicinity of Hg 405.657 nm ± 5 FWHM
Sc

404.648

0.009

4

Hg

404.657

0.000

0

Pr (II)

404.663

0.006

2

Se (III)

404.670

0.013

5

W (II)

404.670

0.013

5

W

404.670

0.013

5

Transition lines in the vicinity of Hg 253.657 nm ± 5 FWHM
Fe

253.644

0.013

5

Pt

253.649

0.008

3

Co

253.649

0.008

3

Hg

253.657

0.000

0

W (II)

253.661

0.004

2

Fe (II)

253.667

0.010

4

As shown in Table 4.3, five elements and ions (Sc, Pr (II), Se (III), W, and W (II))
have absorption lines located within ± 5 FWHM away from the Hg line at 404.657 nm
[24]. Similarly, five transition lines in the vicinity of the Hg 254 nm line are also
identified and tabulated in Table 4.3. The information from Table 4.3 suggests that
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although the detection of Hg at 405 nm has no plasma-associated spectral inferences, the
laser wavelength must be accurately determined and locked when the system is employed
to analyze the sample solutions that contain both Hg and other elements.
4.6

Conclusion
We introduce a new technique, namely, a stepwise electron impact excitation-

cavity ringdown absorption spectrometry (SEIE-CRAS) to detect Hg at 405 nm. The
technique can also be universally applied to study other analytes, including elements and
isotopes, whose transitions originate from either a metastable state or an optically excited
state. The atomic absorption spectra of Hg at 405 nm using SEIE-CRAS are reported and
the measurement is achieved through the electron impact excitation of Hg to the
metastable state and the cavity ringdown absorption of the 405 nm transition. The results
indicate that the new approach is scientifically feasible and that the development of a
portable mercury ringdown spectrometer using a compact laser source is technologically
conceivable. One caution should be taken when the 405 nm line is utilized to detect Hg:
the detection sensitivity at 405 nm is approximately 250-fold lower than the one using the
254 nm line if the same plasma-ringdown system (the same laser beam path-length and
ringdown mirror reflectivity) is used. The detection sensitivity of 50 g ml-1 in aqueous
solutions or 1.2 ppmv in gas samples of Hg is achieved in the current experimental
system using the 405 nm line with the mirror reflectivity of 99.91% and the laser beam
path-length of 5 mm. Using an optimized system with a mirror reflectivity of 99.99%, the
laser beam path-length of 10 cm, and the ringdown baseline noise of 0.3%, the estimated
detection sensitivity of Hg using the SEIE-CRAS technique at 405 nm is 50 ng ml-1 in
aqueous solutions or 1.2 ppbv in gas samples. The development of a portable Hg
78

ringdown spectrometer based on the SEIE-CRAS technique using the palm-size 405 nm
diode laser toward the theoretical detection sensitivity is underway.
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CHAPTER V
A PORTABLE OES-CRDS DUAL-MODE PLASMA SPECTROMETER FOR
MEASUREMENTS OF ENVIRONMENTALLY IMPORTANT TRACE
HEAVY METALS: INITIAL TEST WITH ELEMENTAL HG*

5.1

Abstract
A portable optical emission spectroscopy-cavity ringdown spectroscopy (OES-

CRDS) dual-mode plasma spectrometer is described. A compact, low-power,
atmospheric argon microwave plasma torch (MPT) is utilized as the emission source
when the spectrometer is operating in the OES mode. The same MPT serves as the
atomization source for ringdown measurements in the CRDS mode. Initial demonstration
of the instrument is carried out by observing OES of multiple elements including mercury
(Hg) in the OES mode and by measuring absolute concentrations of Hg in the metastable
state 6s6p 3P0 in the CRDS mode, in which a palm-size diode laser operating at a single
wavelength 405 nm is incorporated in the spectrometer as the light source. In the OES
mode, the detection limit for Hg is determined to be 44 parts per billion (ppb). A strong
radiation trapping effect on emission measurements of Hg at 254 nm is observed -

Note: The major contents of this chapter have been adapted from Review of Scientific Instruments, 83,
095109 1-14, (2012). Copyright (2012), with permission from American Institute of Physics.
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when the Hg solution concentration is higher than 50 parts per million (ppm). The
radiation trapping effect suggests that two different transition lines of Hg at 253.65 nm
and 365.01 nm be selected for emission measurements in lower (< 50 ppm) and higher
concentration ranges (> 50 ppm), respectively. In the CRDS mode, the detection limit of
Hg in the metastable state 6s6p 3P0 is 2.24 parts per trillion (ppt) when the plasma is
operating at 150 W with a sample gas flow rate of 480 mL min-1; the detection limit
corresponds to 50 ppm in Hg sample solution. The advantages of this novel spectrometer
are two-fold: it has a large measurement dynamic range, from a few ppt to hundreds ppm
and the CRDS mode can serve as calibration for the OES mode as well as providing high
sensitivity measurements. Measurements of seven other elements, As, Cd, Mn, Ni, P, Pb,
and Sr, using the OES mode are also carried out with detection limits of 1100, 33, 30,
144, 576, 94, and 2 ppb, respectively. A matrix on Hg measurement effect in the presence
of other elements has been found to increase the detection limit to 131 ppb. These
elements in lower concentrations can also be measured in the CRDS mode when a
compact laser source is available to be integrated into the spectrometer in the future. This
exploratory study demonstrates a new instrument platform using an OES-CRDS dualmode technique for potential field applications.
5.2

Introduction
Real-time, in situ detection and quantification of environmentally toxic trace

heavy metals have long been a matter of paramount importance. In the last few decades, a
number of significant strides have been made toward the detection of hazardous elements
based on various techniques, such as atomic absorption spectroscopy (AAS), optical
emission spectrometry (OES), X-ray fluorescence, laser-induced fluorescence, mass
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spectrometry, etc, [1-8]. Still, the whole process of contaminant detection and
quantification chiefly relies on lab-based instruments: for example, gas chromatographymass spectrometry (GC-MS), inductively coupled plasma-optical emission spectroscopy
(ICP-OES), or ICP-MS techniques. As a routine procedure, samples are collected from
sites, processed, and then sent to labs elsewhere for evaluation and testing. The entire
process becomes both time-consuming and expensive. Although these lab-based
instruments, viz. GC-MS, ICP-OES/MS, etc., are highly sensitive and capable of multielement detection, the instrument systems are too bulky to be employed cost-effectively
in the field study, manifesting the technological limitations of these instruments for realtime in situ monitoring of multiple elements.
In an attempt to address this issue, we are developing a portable microwave
induced plasma (MIP) based OES and cavity ringdown spectroscopy (OES-CRDS) dualmode spectrometer for real-time detection and quantification of environmentally toxic
trace metals. A prototype instrument has been constructed; the design, operation, and the
results obtained with the instrument have been reported in this work. The spectrometer
can run in two modes: OES and CRDS. The OES mode is capable of measuring multielement simultaneously, and the CRDS mode, being calibration free, measures the
absolute concentrations, which can calibrate measurements in the OES mode. The choice
of combining the MIP and CRDS techniques to construct this portable spectrometer is
based on their respective advantages and current technology maturity levels.
OES has been one of the most convenient techniques for real-time monitoring of
trace elements [9] and can also quantify species concentration when the system is
calibrated. A microwave induced plasma, due to its compact size, low power
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consumption, low gas flow rate, freedom from need for external cooling, and high
excitation efficiency, has long been a subject of study in development of a fielddeployable plasma emission source. The MIP-based OES has demonstrated its potential
to be developed as a real-time continuous monitor [10]. Significant strides have been
made for the MIP-OES in terms of plasma stability, size, power, and gas flow rate during
the last decade. Detections of various environmentally important elements [11, 12],
including Hg, Be [13], U [14], have been demonstrated by using a robust microwave
plasma torch (MPT). A series of attempts at field monitoring using an MIP-OES system
have been successfully demonstrated for trace metal emissions [15, 16] and air particulate
monitoring [17]. The development of the MPT technology with time, its advantages over
conventional MIP sources, and its application in OES, etc., can been seen in several
previous reports [18-28]. The present status of MIP based analytical spectrometry, in
terms of plasma source, instrumentation, analytical performance and applications, etc.
have been discussed in detail in a recently published book [29]. Very recently, a fully
computer controlled MPT-based OES system is being developed for multi-element
analysis [30].
Recently, the incorporation of an MPT into a CRDS system (so called plasmaCRDS technique) has been demonstrated for the detection of elements and isotopes [3135]. In this technique, the MPT is used as an atomization source and CRDS serves as a
detector. To date, measurements of environmentally important elements, such as Pb, Sr,
Mn, Hg, Hg isotopes, U isotopes, etc., in concentrations ranging from parts per million
(ppm) to parts per trillion (ppt) levels using the plasma-CRDS technique have been
reported [13, 32, 36-41]. However, except for one early study to demonstrate the
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potential to develop a portable instrument using the plasma-CRDS technique, in which an
external cavity diode laser operating at 679 nm was employed to measure Sr atomized in
a low power ICP [42], no study has reported further progress in terms of instrumentation
using plasma-CRDS. One major reason behind this fact is that there are two development
hurdles: requirements of a compact, automated plasma source that can be electronically
operated and a compact laser source that can be integrated into the plasma-CRDS
instrument system. To date, a compact MPT can be manufactured into a system, which
can be operated by a computer-based control for plasma power, gas flow rate, and autoignition of the plasma. Concurrently in the last few years wavelength of diode lasers has
been extended to short-blue region and several transition lines of environmentally
important elements can be detected using such compact diode lasers. The technology
advancements in the two fields have motivated further exploration in plasma-CRDS
instrumentation leading to a portable spectrometer for multi-element measurement in a
large dynamic range for diverse field applications, even with capability of selfcalibration.
In this work, we explore for the first time a combination of OES and CRDS in a
single portable spectrometer. The objective of this work was to demonstrate operation of
this new instrument and test its initial performance on measurements of Hg sample
solutions. The instrument platform can be extended to measure other elements by using
different laser sources. In this chapter, first, the instrument design, configuration, and its
major parts are described (Section 5.3). Second, results and discussion are presented, in
which measurements of Hg in the OES are reported (Section 5.4). In Section 5.5,
operation and measurements in the CRDS mode of the instrument are described. The
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Section 5.5 discusses the multi-element measurements using the OES mode. Finally,
discussion of advantages and existing challenges in the dual-mode spectrometer is
presented.
5.3
5.3.1

Instrument Design and Configuration
Instrument design
The central idea of the instrument design lies in that a single MPT is utilized as an

emission source for the OES measurements (OES mode) and as an atomization source for
CRDS measurements (CRDS mode); and these two operation modes are integrated into a
single instrument platform. The automated operation of the MPT and the instrument
packaging including the instrument frame, electronic control, MPT ignition, and OES
data collection software, which were made by Elemetric Instrument LLC [30]. The
system was purchased by our Laser Spectroscopy and Plasma Laboratory and then
modified by incorporating an external sampling part and microwave plasma power
generator, so that the system can be operated for OES measurements. Our further
modification of the system includes addition of a CRDS portion by integrating a
ringdown cavity and a compact laser source, and a ringdown control portion into the
instrument platform to form a dual-mode OES-CRDS spectrometer. Figure 5.1(a) shows
the OES-CRDS dual-mode spectrometer instrumentation layout. The spectrometer
excluding the external sampling and the ringdown data acquisition portions has
dimensions of 60 cm × 43 cm × 27 cm. The major instrument components are an MPT,
plasma power generator, OES system, CRDS system, electronic control portions for OES
and CRDS, and a sampling introduction portion. The following sections first describe the
placements, operations, and functions of each of the major instrument components in
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terms of the OES and CRDS modes, followed by description of technical aspects of coarrangements of the two operating modes.
5.3.2

Optical Emission Spectroscopy Mode
The OES system contains several main parts: a microwave plasma power

generator, MPT, nebulizer/gas flow unit, and a compact spectrometer (197 - 419 nm,
resolution 0.12 nm). The MPT, as an atomization source, was housed inside a cylindrical
cage. An external 2.45 GHz microwave plasma power generator (Saeram Inc.) delivered
microwave power to the MPT. Plasma emissions were collected using a system of planoconvex lenses before feeding onto the detector head, which was connected to a pocket
size spectrometer (Ocean Optics) via a section of optical fiber.
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Figure 5.1

The instrumentation layout, schematic, design, and major components of
the dual-mode spectrometer

The collected emission data were analyzed with the built-in software (Ocean
Optics, Spectra Suite) on a laptop computer (Fig. 5.1(b)). The instrument when connected
to the power generator and the plasma sampling portion was fully computer-controlled
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through a touch screen built in the front panel of the instrument. The exhausts and the
necessary slots for gas and the sample introductions were located in the rear panel. The
instrument frame along with the power supply (50 cm × 48 cm × 13 cm) can be put on a
cart and be readily moved from one place to another. The instrument frame has reserved
enough space inside to house a built-in nebulizer and a compact plasma power generator,
both of which are being developed. In this experiment, instead, we used an external
ultrasonic nebulizer and an external power generator to test the spectrometer.
The microwave generator had a maximum output power of 200 W. The power
generator was connected to the MPT via a 50-Ω coaxial cable. The MPT used in the
present work was similar to the one discussed in previous reports [41, 43]. Plasma was
supported by argon gas (99.99% purity, Airgas). The sample injection was made through
the inner tube of the MPT, which was connected to the nebulizer by a thin tubing
(Nalgene). A peristaltic pump (Miniplus 3, Gilson) was used to deliver a liquid sample
into an ultrasonic nebulizer (U-5000 AT+, CETAC Technologies), which converted
aqueous samples into aerosol. The aerosol was carried away by argon gas to the MPT.
The calibrated conversion efficiency of the aqueous samples to gas samples was 12-15%
[42]. A membrane tubing (Perma Pure) wrapped with a heat tape connected to a
desolvator (a box filled with moisture absorbing granules) was used to get rid of the
excess moisture in the sample aerosol. A set of three-channel flow meters (Cole-Palmer)
was used to control and regulate the gas flows to the MPT. The gas flow rates in the two
plasma torch channels were adjustable through the touch screen. The ignition of plasma
was initiated electronically via the touch screen.
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Emissions generated by the plasma were collected using a telescope system
consisting of two plano-convex lenses and then focused to the end of a 30-cm long fiber
connected to an emission spectrometer that was interfaced with a charge coupled device
(CCD) detector. A micro-camera was attached inside the cylindrical cage to display a live
image of plasma plume on the touch screen. A typical image of the plasma is shown in
Fig. 5.1(c). Variations in shape, color, and stability of the plasma were clearly monitored
through the live image. Operating parameters, such as the plasma gas flow rate, sample
gas flow rate, plasma power, etc. are listed in Table 5.1.
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Table 5.1

Experimental parameters.
Instrument

Working parameters

Unit

Microwave power (forward)

150

W

Reflected power

7-10

W

Plasma gas flow

400-500

mL min-1

Carrier gas flow

400-550

mL min-1

Ar gas flow for membrane drier

0.5

L min-1

Sample uptake

0.75

mL min-1

Nebulizer heating temp

140

°C

Nebulizer cooling temp

-6

°C

Membrane desolvator temperature

60

°C

Emission spectral range

200-415

nm

Integration time

150

ms

Signal average

20

counts

Cavity length

50

cm

Absorption path length

2-4

mm

Mirror reflectivity

99.96

%

Without Plasma: 0.30

%

With Plasma: 0.50

%

Baseline noise (




)

Co-arrangements of OES and CRDS optical systems
Emission collection location

Converging point of the
plasma

Heat dissipation of plasma

Exhaust fan

Side slit (window) width

7 mm × 4 mm

Laser position in the plasma

Just below the
converging point

20 mm above the
torch orifice
DC-12 V, 0.9
Ampere
---17-20 mm above
the torch orifice

Spatial precision

± 0.5 mm

-----

Laser pulse frequency

10 Hz

-----

With the plasma switched on, the wall of the closed cylindrical housing becomes
hot in a short while because of the plasma emissions. In the present system, the hot air
inside the housing was drawn out with the help of an exhaust fan (DC-12 V, 0.9 amp)
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through a metallic tube connected to the upper part of the housing (Fig. 5.1(f)). The speed
of the exhaust fan must be optimized in order to minimize the turbulence in the plasma
and to maintain plasma plume stability.
The stability of the plasma was examined prior to OES measurements. With the
operating parameters listed in Table 5.1, a stable plasma was obtained at an operating
plasma power ranging from 100 W to 200 W and an argon gas flow rate in between 400
mL min-1 and 500 mL min-1. At comparatively lower powers (< 100 W), the plasma
became slightly jittery. The shape and stability of the plasma can be optimized by
adjusting the gas flow rates using the controller in the front panel. After a series of
optimization procedures, the most stable emission signal was achieved when the plasma
operated at 150 ± 25 W and a gas flow rate of 450 ± 25 mL min-1. In the subsequent
experiments, the plasma power was set at 150 W. When an analyte sample was
introduced into the MPT, the gas flow rate was further adjusted to be in the range of 450
to 525 mL min-1, depending on each of the individual sample solutions.
5.3.3

CRDS Mode
A schematic of the CRDS system assembled in the spectrometer is shown in Fig.

5.1(f). A ringdown cavity of 50-cm length was created using two plano-concave mirrors
with a reflectivity 99.96% for wavelength of 404.65 nm. The MPT was located at the
center between the two mirrors. A palm-size diode laser (CrystaLaser) operating at the
single wavelength of 404.65 nm was used to excite the cavity.
The laser head was housed in an in-house thermal controlled chamber with a
thermal stability of ± 0.2oC. The diode laser was triggered externally to generate laser
pulses at 10 Hz. The pulse generator and the power supply of the diode laser were home
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built and miniaturized to fit in the available space in the spectrometer. The photomultiplier tube (PMT) was powered by an in-house compact power supply.
The layout of the ringdown cavity shown in Fig. 5.1 was configured such that the
cavity length was maximized in the constrained space of the spectrometer and locations
of the two mirror mounts allowed for fine adjustments using a long driver screw outside
the instrument case when the system was completely covered. Two small (7 mm × 4 mm)
side windows, diametrically opposite to each other, were created in the wall of the MPT
chamber that housed the MPT, so that the laser beam could pass through the plasma
plume. The measuring principle of the plasma-CRDS technique is based on [36, 41] and
as discussed in chapters above

 

d
c (1  R   plasma l s   air ( d  l s )  absorbance )

(5.1)

where d is the cavity length, R is the mirror reflectivity, plasma and air represents
the broadband scattering coefficients in the plasma and open air cavity, respectively; c
and ls are the speed of light and the laser beam pathlength through the plasma,
respectively. In general, the scattering coefficients, β, vary slowly over the bandwidth of
the cavity mirrors; losses occurring because of it can be incorporated into an effective
reflectivity Reff. The equation for ringdown time can then be expressed as

 

d
c (1  R eff  absorbance )

(5.2)

where the absorbance is determined in Equation (5.3) using two measured
ringdown times,
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where τ and τ0 are ringdown times with and without samples inside the cavity.
The absolute number density is determined by

n

A
l s

(5.4)

where the absorption cross section  ( ) at a particular transition frequency is
known for some elements; unknown cross sections of other elements can be calculated
[41, 44]. Under atmospheric plasma conditions, mechanisms for linewidth broadening are
complicated. In such a scenario, the lineshape of the absorption line is a Voigt profile and
the absorption cross section is be represented as [45, 46]

 ij ( ) 

 4 A ji
V ( a , 0 ) ( ln 2 )
g i 4 2 c   D

gj

(5.5)

where gj and gi are the degeneracies of the upper and lower energy levels j and i,
respectively,  is the transition wavelength, and c is the speed of light. Aji represents the
spontaneous emission transition rate (also known as Einstein A coefficient). For most
atomic/ionic transitions, these parameters are well documented in the literature.  D is
the Gaussian component of the broadened linewidth due to Doppler broadening. V(a,0) is
the Voigt function which is determined by the linewidth broadening mechanism. The
parameter a is calculated using the ratio of Lorentzian and Gaussian components [32, 47].
In practice, the measured lineshape is typically a spatially-averaged and integrated
lineshape along the particular line-of-sight; therefore, an averaged value of the cross
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section is obtained. In the CRDS measurements of Hg at 405 nm in this work, the
calculated absorption cross section, 4.5 × 10-13 cm2 atom-1, was used [44].
5.3.4

Co-arrangements of the OES and CRDS Optical Systems
Figure 5.1(f) shows the co-arrangements of the OES and the CRDS optical

systems. With the plasma switched ON, OES and CRDS measurements were conducted
simultaneously via two different computers. Plasma emissions were collected using a lens
system focused at the converging point of the plasma column. The converging point was
20 mm above the torch orifice in this case. The choice of the converging point of the
plasma for collecting emissions from an MIP-based excitation source has been discussed
previously [43]. The converging point of MIP has the strongest emissions. At the same
time, the collected signals from this point are more stable as compared to the signals
collected from other points in the plasma. These two characteristics are important
requirements for better detection sensitivity of the instrument.
The laser beam was coupled into the ringdown cavity through the two sidewindows in the cylindrical cage and was aligned to pass through the plasma right beneath
the converging point of the plasma column. Theoretically, the laser beam passing exactly
through the converging point of the plasma has the largest probability of interacting with
the plasma gas than at any other location in the plasma [43]. Under high temporal
resolution [43], it can be seen clearly that the plasma plume consists of time-integrated
filaments that converge at the converging point. Therefore, the laser beam has the highest
possibility of interacting with plasma gas at this point. This arrangement is particularly
important when the laser repetition rate is not high, i.e., 10 Hz, in the present work. The
position of laser beam inside the plasma can be precisely controlled by adjusting the
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plasma torch horizontally and vertically with a spatial precision of ± 0.5 mm. As
illustrated in the Fig. 5.1(f), the laser beam lies in the horizontal X-Z plane oriented 90°
to the plasma torch axis. In order to keep the size of the instrument compact, several parts
of the instrument were miniaturized and their pictures are shown in Fig. 5.1(g).
The size of the side-windows through which the laser beam passed through the
plasma chamber was critical to both the plasma stability and the ringdown stability. Once
the ringdown system was aligned, the openness of the side windows was minimized by
sealing other open portions to prevent plasma exhausts from leaking inside the
instrument. With average over 100 ringdown events, the ringdown baseline stabilities
were 0.3% and 0.5%, respectively, when the plasma was OFF and ON. The ringdown
signals were observed on the oscilloscope and the ringdown time was displayed on a
separate computer, simultaneously along with the OES measurements being conducted
on the instrument computer (Fig. 5.1(b)). It must be noted that the ringdown
measurements can also be controlled by the built-in computer of the instrument without
interfering with the OES measurements when the ringdown software is installed in the
built-in computer. This integration was not achieved in this exploratory study.
5.3.5

Protocol for CRDS Calibration Process
One of the merits of the instrument is self calibration. The system does not require

an external calibration for measurements. The capability of the CRDS technique can be
utilized to calibrate OES measurements to obtain the absolute number density. The
protocol of the CRDS calibration is described below.
A set of samples of different unknown concentrations in a wide dynamic range
will be used for simultaneous CRDS and OES measurements. For each sample, absolute
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concentration of an element in gaseous phase present in the plasma is determined by
CRDS using Eq. 5.4 With the known conversion efficiency of the nebulizer system, the
element’s concentration in the aqueous sample is obtained. At the same time, with the
OES mode, the emission intensity of one or a set of selected transition lines of the
element is recorded for the same sample. Repeating the measurements for each of the
other samples of the element, we can obtain a calibration curve of the absolute density of
the element vs. line intensity of the selected transition line of the element. Once a
calibration is established, we can use the OES mode of the spectrometer to obtain
absolute number density of the element. The absolute number density measurements
using CRDS can be further validated by using a set of samples with known
concentrations. At given experimental conditions, a set of validation data of the measured
number densities of the element in the plasma vs. sample concentrations in aqueous
samples can be obtained. This validation is often defined as calibration of the conversion
efficiency of the sampling using a nebulizer [42].
5.4
5.4.1

Results and Discussion
Measurements of Hg in OES Mode
A stable plasma was sustained at 150 W with an argon gas flow rate of 450 mL

min-1. The height of the plasma (the bright part above the torch orifice) was around 30
mm. The emission collecting lens was focused at the converging point, which was 20 mm
above the plasma torch orifice [43]. With pure plasma, the prominent emission bands of
N2, OH, N2+, and NO were observed as shown in Figure 5.2(a). The transitions from the
OH (A-X) (0-0) band were utilized to estimate the plasma gas temperature (Tg) with the
help of LIFBASE software [48]. Subsequently, the plasma gas temperatures were
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estimated for the emissions obtained at different microwave powers. At 75 and 200 W, Tg
were determined to be 2550 K and 3100 K, respectively, with a measurement uncertainty
of ± 100 K. Figure 5.2(b) shows the variations of Tg estimated at different microwave
plasma powers.
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Figure 5.2

(a) Emission spectra of argon plasma at 150 W power and gas flow 450 mL
min- 1. (b) Variation of plasma gas temperature with plasma power

Mercury sample solutions in the concentrations ranging from 500 ppb to 400 ppm
were injected into the plasma through the sampling system. Emission spectra were
recorded at each of the five different powers: 100, 125, 150, 175, and 200 W. A number
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of transition lines corresponding to Hg(I) in the wavelength range of 200 to 410 nm were
observed. Emission peaks were assigned based on the NIST atomic line database [49].
No transition line corresponding to ionic mercury Hg(II) was observed in this study.
The most prominent emission recorded for Hg was the 253.652 nm line, followed
by 365.015 nm, 313.184 nm and others. Table 5.2 lists the prominent Hg emission lines
obtained in this work in comparison to the ones documented in the NIST database.

Table 5.2

Comparison of emission intensities of Hg transition lines obtained in this
work with those listed in the NIST atomic database.

Hg

Wavelength

state

(nm)

I

253.652

I

-1

-1

Intensities in NIST

Ei (cm ) - Ek (cm )

Intensity in this work

Ab. Int.

Rel. I (%)

Ab. Int.

Rel. I (%)

0 – 39412.237

900000

1

2862

1

296.728

37644.982 – 71336.005

3000

0.33

43

1.50

I

313.184

39412.237 – 71333.053

4000

0.44

89

3.10

I

365.015

44042.909 – 71431.180

9000

1.00

130

4.54

I

404.656

37644.982 – 62350.325

12000

1.33

28

0.97

The relative intensities (in percentage) listed in the fifth and seventh columns of
the table were determined by the ratios of the emission intensities of Hg lines listed in the
fourth and sixth columns to the intensity of the strongest line of Hg, i.e., 253.652 nm. It
can be seen in the table that the second strongest transition according to the NIST
database is the 404.656 nm (5d106s7s  5d106s6p) line, whereas in our experiment the
second strongest transition is the 365.015 nm (5d106s6d  5d106s6p) line. Most of the
emission lines observed in this experiment have higher relative intensity than those
reported in NIST database. In the present low-power and low temperature plasma, the
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electron density is on the orders of 1012 - 1015 electron cm-3 and the excitation
temperature has a magnitude of 6000 – 9000 K [29, 43, 50-51], as compared to the much
higher electron density and excitation temperature, e.g., 1015 - 1016 electron cm-3 and
10000 K and higher, respectively, in high power plasmas, such as ICP, high power arc,
etc., which operates at a power of few kilowatts [51, 52]. In these high power discharges,
atoms are readily excited to higher energy states, which consequently result in more ionic
lines originating from higher energy levels. The stronger relative emission intensity in
this low power MPT indicated that the use of the low power MPT as an atomization
source provides an advantage over other high power plasma sources for OES
measurements.
5.4.2

Effect of Microwave Power on Emission Spectra and Plasma Plume
The influence of plasma power on the emission spectra was investigated.

Emission spectra of Hg were recorded at five different powers: 100, 125, 150, 175, and
200 W. The change in the power had no affect on the number of transition lines, i.e.,
increasing or decreasing the power from 100 W to 200 W, or vice-versa, did not generate
any new emission line in the spectrum. The change in power, however, did affect the
signal intensity (peak amplitude) of the transition lines. The peak amplitudes of the
transition lines at 200 W were higher than the peak amplitudes at 100 W. The most
significant influence of the power was on the shape and stability of the plasma plume. At
lower power, the plasma was jittery, while at higher power, the plasma had a burning
flame engulfing it. In both these cases, the emission intensities were highly fluctuating,
imparting high noise to the signal. Since the signal to noise ratio is a crucial entity in OES
based detection techniques, which can severely affect the limit of detection of elements,
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and hence is an important feature of an instrument; we, therefore, also looked into the
effects of power on the detection limit of Hg with this spectrometer in the Hg sample
solution concentration range of 500 ppb - 400 ppm. To determine the detection limit (DL)
for Hg, a calibration curve, intensity vs Hg concentrations, at 253.65 nm was obtained.
The value of 3σ (three times the standard deviation) was substituted in the linear equation
of the calibration curve to obtain the minimum detectable Hg concentration. The DLs
obtained at different plasma powers are shown in Fig. 5.3.

Figure 5.3

Variation in the detection limit of Hg, obtained at 253.65 nm, as a function
of microwave power

The DLs obtained at different plasma powers were found to decrease with the
increase in power. However, the lowest DL for Hg, 44 ppb, was obtained at 150 W
microwave power. The reason for the lowest DL at 150 W can be attributed to the
104

combined effect of the best plasma shape and the stable plasma plume, hence, a higher
signal to noise ratio at that power.
5.4.3

Effect of Radiation Trapping of 253.65 nm Transition Line on Hg
Concentration Measurement.
Figure 5.4 shows the radiation trapping (RT) effect of the 254 nm line (the same

transition line at 253.65 nm) at different Hg concentrations. With increase in Hg
concentration from 10 ppm to 50 ppm, the emission intensity of the 254 nm line
increased, so did other transition lines of Hg, as shown in insets (1) – (3) in Fig. 5.4.
However, at concentrations higher than 50 ppm, the intensity of the 254 nm line started
decreasing due to the RT effect, whereas intensities of the other transition lines continued
to increase, showing absence of apparent RT effect, as shown in insets (4) – (6) in Fig.
5.4. These phenomena were the same even when the Hg concentration was increased to
400 ppm. Figure 5.5 shows the relative emission intensity of the Hg 254 nm line versus
Hg sample concentration. The experimental curve in Fig. 5.5 shows that the emission
intensity is approximately linear to the Hg concentration in the low concentration range
(< 50 ppm), while at concentrations higher than 50 ppm, the RT effect alters the response
trend severely. The strong radiation trapping effect of the Hg 254 nm transition line
suggests that OES measurements of Hg using 254 nm line cannot provide quantitative
information with regard to Hg sample concentration when it is higher than 50 ppm. The
RT effect of the 254 nm line was observed repeatedly in each set of emission spectra and
was consistent at all plasma powers examined.
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Figure 5.4

Emission spectra of Hg. (1) - (3) No RT effect at the concentrations lower
than 50 ppm; (4) - (6) Apparent RT effect at concentrations higher than 50
ppm.
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Figure 5.5

Variation of the emission intensity of the Hg 254 nm transition with Hg
concentration.

The radiation trapping of the 254 nm Hg line was reported as early as 1959 as a
part of theoretical modeling, followed by several experimental studies, which
investigated the imprisonment of the Hg 254 nm emissions in various gaseous discharges
[53-57]. However, only in a recent study, Hadidi et al. [58] reported the RT phenomena
of the transition lines, 253.65 nm of the Hg (6p 3P1 6s21S0) and 228.80 nm of the Cd
(5p 1P1 5s21S0), in the development of an on-line emission monitor using a similar
microwave plasma. In that study, the plasma power was 1.5 kW, sample concentration
was 10000 ppm, and the emission detector was located along the axial direction of the
plasma torch. Interestingly in that study, no apparent RT effect was observed when the
Hg emissions were collected in side view (perpendicular to the plasma axis). In the
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present study, however, under the aforementioned experimental conditions, i.e., 150 W,
100 ppm Hg, the emissions were collected in perpendicular to the plasma axis and the RT
effect was apparent when the Hg sample concentration was higher than 50 ppm, as shown
in the figures 5.4.
Our observation supports that the RT effect of the Hg 254 nm transition line also
exists in the perpendicular view of the plasma emissions, in addition to the axial view as
reported previously [58]. This finding offers complimentary information on the RT of the
Hg 254 nm line in the atmospheric microwave plasmas. The result provides a guideline
for the instrument design, for example, which emission line of Hg should be selected for
OES measurements and additional attention must be paid to the RT effect. Except for the
strongest transition line at 253.65 nm, Hg has other strong transition lines at 296.72,
313.18, 365.01, and 404.65 nm observed in the present plasma. One of these lines can be
selected for Hg OES measurements when Hg concentration is higher than 50 ppm so that
the adverse effect of the RT is avoided.
The 365.01 nm line resulting from the 5d106s6d  5d106s6p transition was the
second strongest emission line of Hg. No RT phenomenon was observed for this
transition in the examined concentration range 50 - 400 ppm. Therefore, this line was
selected to measure Hg at concentrations higher than 50 ppm and an experimental
calibration curve was obtained. Figure 5.6(a) and 5.6(b) shows the calibration curves
plotted at the wavelengths 253.65 and 365.01 nm, respectively. The calibration curve at
253.65 nm transition line, linearity R2 = 0.99, Fig. 5.6(a), was carefully utilized for
detections of Hg at concentrations lower than 50 ppm. As shown in Fig. 5.6(b), the
calibration curve plotted at 365.01 nm transition line also shows good linearity (R2 =
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0.97) in the Hg sample concentration range of 50 - 400 ppm. As described previously,
detection limit of the instrument for Hg using the 254 nm line was 44 ppb. These results
suggest that two transition lines of Hg at 253.65 nm and 365.01 nm should be used for
OES measurements of Hg at lower (< 50 ppm) and higher (> 50 ppm) concentrations,
respectively. Combination of both Hg lines allows the spectrometer to be used for
measurements of mercury in a large dynamic range, low ppm - hundreds ppm when
operating in the OES mode.
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Figure 5.6

Calibration curves using two transition lines of Hg.
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5.5

CRDS Mode of the Spectrometer
Operation of the CRDS mode of the spectrometer is independent of the OES

mode, except for sharing the same MPT source. In our previous study, we evaluated the
technology capability of measuring Hg using the plasma-CRDS technique at 405 nm
[44]. The Hg 405 nm absorption line belongs to the transition 6s6p 3P0 6s7s 3S1,
originating from the upper metastable state. Hg distribution in the metastable state was
populated through electron impact excitation [59]. In the development of the dual-mode
spectrometer, we used the same approach of the electron impact excitation-CRDS to
measure metastable state Hg at 405 nm to demonstrate the concept of the CRDS mode of
the spectrometer. It should be noted that measurement of absolute Hg density in the 6s6p
3

P0 metastable state does not directly reflect the actual concentration of mercury in an

aqueous sample and may not be of practical importance in environmental analysis in the
present state; however the measured absolute number density in the metastable state can
be correlated to the Hg concentration in the sample solution for given experimental
conditions. Another practical reason to use the 405 nm line is that there is currently no
such compact (palm-size) laser source that can be integrated into the present instrument
platform for Hg measurements using other transitions such as the strong 254 nm line.
This study showed that with the CRDS mode the instrument can achieve detection
sensitivity for Hg of ppt levels and that it is technologically feasible to incorporated a
palm-size diode laser into the present instrument configuration. The experimentation is
described below.
Hg sample solutions were prepared at four different concentrations, 50, 100, 200,
and 500 ppm, for the CRDS measurements. A typical response of the instrument to Hg
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sample concentration is shown in Fig. 5.7(a). Absorbance was determined based on
Equation (5.3). The corresponding calibration curve of the measurements was plotted in
Fig. 5.7(b), which has good linearity (R2 = 0.95) in the sample concentration range of 50 500 ppm.
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Figure 5.7

Measurements of Hg at different concentrations using the CRDS mode of
the spectrometer at 405 nm.

(a) Response curve of the ringdown time versus Hg sample concentration in the range of
50 - 500 ppm. (b) Calibration curve (absorbance versus Hg sample concentration (ppm))
obtained using the data shown in (a).
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The corresponding number densities of Hg in the metastable state were
determined using Equation (5.4). The results are tabulated in Table 5.3. The number
densities in the metastable state are on the orders of 107 - 108 atoms cm-3. The minimum
concentration of Hg in the sample solution measured was 50 ppm, which is related to a
number density of 2.24 ppt in the 6s6p 3P0 metastable Hg atoms in the plasma.
Table 5.3

Number densities of Hg in the metastable state measured by the CRDS
mode of the spectrometer at 405 nm.

Hg sample

Absolute number density of

Concentration by volume

concentration

Hg in the metastable state

in gas phase

(ppm)

(atoms cm )

50

5.50 × 10

100

1.95 × 10

200

4.68 × 10

500

8.69 × 10

-3

(ppt)

7

2.24

8

7.91

8

19.01

8

35.33

Population density of a metastable state is typically 104 - 105 times lower than the
ground state population [60]. This is why the minimum detectable concentration of the
sample solution was as high as 50 ppm. The low detection sensitivity for Hg using the
405 nm line does not mean a low sensitivity of the CRDS mode of the spectrometer.
Several studies have reported that detection sensitivity of Hg using CRDS at 254 nm is as
high as sub-ppt [40, 61-63]. Therefore, when a compact diode laser operating at 254 nm
becomes available, it can be incorporated into this spectrometer for the detection of ultratrace Hg down to ppt levels. With the same instrument platform, other elements,
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including Cs, Be, Se, and U, can be measured using the CRDS when compact lasers
sources are available for their strong transition lines.
5.6

Multi-element Measurements with OES Mode
In order to test the capability of multi-element measurement, Pb, As, Cd, Mn, Ni,

P, and Sr, were also measured using the OES mode. The transition peaks and their
corresponding energy levels were assigned based on the NIST and Harvard atomic
databases [49, 64]. Similar to the Hg emission spectra, the relative intensity of the
emission lines of different elements observed in the present experiment differs
significantly from that reported in the NIST database. For example, for elements, such as
Pb, Cd, and Mn, even the strongest lines observed in our experiments are different from
those listed in the NIST. A database was created by conducting comparison of peak
amplitude of the strongest emissions for all of the elements investigated in our
experiments with those in the NIST; based on which, an appropriate transition line was
carefully selected for an element to achieve the lowest detection limit, using calibration
curves, with this instrument. As an example, Fig. 5.8 shows the calibration curves
obtained using the Pb lines at 283.30, 368.34, and 405.78 nm, for which the detection
limits for Pb were determined. Although the 368.34 nm line was the most prominent line
obtained in this study, it did not yield the lowest detection limit. The lowest detection
limit for Pb was determined to be 94 ppb at 405.78 nm, whereas the DL at 368.34 nm
was determined to be 286 ppb. The higher DL using the 368.34 nm line was due to the
higher background noise imposed by the N2 (C-B) (1,3) and (0,2) bands existing in the
region. DLs for other elements were determined by plotting calibration curves obtained
using their prominent lines.
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Figure 5.8

Calibration curves obtained using the prominent lines of Pb at 283 nm, 368
nm, and 405 nm.

It is worth noticing that possible spectral overlaps in the OES measurements of
other elements need also be taken care in the selection of a transition line and pursuit of a
low DL. For instance, the arsenic 234.98 nm transition line was the strongest, but it was
located in the vicinity of a vibronic band of NO (A 2Σ+ - X 2Π) system, which severely
affected the DL of As. Therefore, a lowest DL for As of 1 ppm was obtained using the
228.81 nm line in the concentration range 1 - 500 ppm. The lowest DLs for other six
elements, Cd, Mn, Ni, P, Pb, and Sr, achieved in the OES mode by carefully selecting the
transition lines are listed in Table 5.4.
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The spectral database created with OES mode of the spectrometer, by comparing
the relative intensity ratios of spectral transition lines of the elements, namely As, Cd,
Mn, Ni, and P, with the ones listed in the NIST database are tabulated in the Appendix A.
Table 5.4
Element

Detection limits for As, Cd, Hg, Mn, Ni, P, Pb, and Sr obtained with the
OES mode of the spectrometer.
Detection limit

R2

228.81

1.1 ppm

0.98

278.02

1.6 ppm

0.98

228.80

93 ppb

0.97

45 ppb*

0.95

33 ppb

0.98

43 ppb *

0.96

44 ppb

0.99

144 ppb *

0.94

257.61

47 ppb

0.99

279.48

30 ppb

0.99

403.30

81 ppb

0.99

300.24

144 ppb

0.99

301.20

206 ppb

0.99

Gas flow

Wavelength

Plasma/carrier

(nm)

-1

(mL min )
As

Cd

500/446

445/492

326.10

Hg

Mn

Ni

500/480

475/462

462/517

253.65

P

438/522

253.56

576 ppb

0.97

Pb

442/511

283.30

310 ppb

0.98

368.34

286 ppb

0.99

*

0.96

157 ppb
405.78

94 ppb
440 ppb

Sr

442/520

407.77

2 ppb
21 ppb

*

0.99
*

0.94
0.99

*

0.95

In the presence of matrix; experiments were conducted at a plasma power of 150 W and plasma/carrier gas flow rates
of 525/500 mL min-1.
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The presence of multi-element has been known to affect OES measurements of an
element in terms of spectral interference, detection sensitivity, and accuracy [11, 21, 6567]. Effort to study matrix effect of multiple elements on each individual element is
exhaustive and beyond scope of this work. In this study, however, only matrix effects on
Hg measurements were investigated. Hg concentration measurements in a mixture
solution of Cd, Hg, Pb, and Sr elements were conducted in the OES mode. Hg samples in
different concentrations, 2, 5, 10, 20, 30, and 40 ppm, were prepared by diluting standard
(1000 ppm) sample solutions in a 2% nitric acid solution. Mixture solutions of Cd, Pb,
and Sr in the same concentrations, but in different combinations, were added to the Hg
sample solutions. The presence of the matrix elements, i.e. Cd, Pb, and Sr, in the Hg
sample solutions was recognized by their characteristic transition lines appearing in the
emission spectra. Figure 5.9 displays the screen shot showing a typical emission
spectrum. Comparison of the case with the presence of the matrix elements with the case
without the matrix elements showed that: (i) The increase rate of the emission intensity of
Hg at 253.65 nm differed substantially in the presence of the matrix elements from the
solutions without the matrix elements. (ii) Hg emission signal had higher fluctuations.
(iii) The matrix effect had an adverse affect on the DL of Hg. In particular, the DL of Hg
at 253.65 nm increased to 131 ppb, approximately 3 times higher than the DL, 44 ppb,
without the matrix effects. The matrix effect may depend on several factors, such as
analyte’s penetration, vaporization effect, excitation potential and excitation cross section
of the element, collisional quenching, collisional enhancement, electrons, atoms, and ion
densities in the plasma, etc. [12]. A comprehensive study of matrix effect is a subject of
future work, which is an important effort to further improve the instrument performance.
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Figure 5.9

5.7

An example to show the capability of multi-element detection of the OES
mode of the spectrometer

Advantages and Existing Challenges in the Dual-Mode Spectrometer
Advantages of this new dual-mode spectrometer are summarized below.
(1) A single MIP source for dual spectroscopy modes: A single MIP source was

used in both OES and CRDS modes of the spectrometer. The robust MPT used as the
microwave plasma source in the spectrometer is an efficient low-temperature excitation
source for the optical emission studies. Apart from its efficient, excitation capability, it is
also capable of maintaining a stable plasma continuously, even at low power (150 W) and
low gas flow rates (450 mL min-1) for a long period of time (7 - 9 hrs), an important
requirement in real-time field monitoring of trace elements. At the same time, it can be
used as an atomization source for the CRDS mode of the spectrometer. As demonstrated,
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the plasma created by the MPT can also be efficiently used to atomize trace elements,
such as Hg, Pb, As, U, Be, etc., present in liquid samples, followed by their detections in
the CRDS mode.
(2) Different modes for different concentration ranges: As demonstrated in the
emission studies of the various elements using the OES mode and ringdown
measurements of the metastable Hg atoms using CRDS mode, the two modes of the
spectrometer can be used in combination for detection of elements present in different
concentration ranges. On the one hand, the OES mode can be used for the detection of
elements in the concentration ranging from tens ppb to hundreds ppm. On other hand, the
CRDS mode is capable of measuring absolute concentration as low as ppt levels.
(3) Self-calibration: Since the CRDS technique measures the absolute
concentration of species; it does not need an external calibration. Using the CRDS mode
to calibrate the OES measurements, the spectrometer is self-calibrated.
(4) Combination of modalities: The OES mode can measure multiple elements
simultaneously, whereas the CRDS mode measures a single element each time. In field
applications these two modalities are complementary. We may use the OES mode to
indentify unknown elements and their relative concentration ranges and then use the
CRDS mode to perform high sensitivity, absolute concentration measurements of a
selected species.
(5) Instrumentation configurability: By extending the spectral response range of
the spectrometer, many other elements can also be analyzed by the spectrometer. As
demonstrated in the detection of the metastable Hg atoms using the 405 nm diode laser, a
number of environmentally important elements, such as Hg (253.65 nm), Be (313.04
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nm), As (419.08 nm), Cs (442.57 nm), Pb (405.78 nm), Se (241.35 nm), U (348.93 nm),
etc., can also be measured using the CRDS mode when a compact diode laser at these
wavelength becomes available.
Existing challenges in further development of the dual-mode spectrometer toward
a standalone commercial instrument include two technology hurdles, requirements of a
compact microwave plasma power generator that can be housed inside the spectrometer
and a compact diode laser array that can be assembled in the spectrometer and cover
multi-wavelength for CRDS measurements of multi-element in different wavelengths.
Current sole source microwave plasma power generator used in the present study is too
large to be housed inside the instrument frame and the operation of the plasma power
generator is still manually controlled. Effort to scale down the size of the power generator
is underway. Diode laser technologies advance rapidly, which will allow extension of
diode laser wavelengths to near UV, where spectral fingerprints of most elements are
located. A breakthrough in diode laser technology with this regard is conceivable.
Electronic packaging of CRDS portion and its integration with the control electronics in
the OES mode is not a technology issue since commercial CRDS spectrometers [68] for
trace gases detection have demonstrated the instrumentation capability. We expect CRDS
instrumentation for trace elements will soon be available when the two challenges are
overcome.
5.8

Conclusion
A novel dual-mode OES-CRDS plasma spectrometer has been developed for

measurements of multi-element. Selected environmentally important elements, As, Cd,
Hg, Mn, Ni, P, Pb, and Sr, were successfully measured using the OES mode of the
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spectrometer. Given the portability of the spectrometer, desirable DLs for As, Cd, Hg,
Mn, Ni, P, Pb, and Sr, were determined to be 1100, 33, 44, 30, 144, 576, 94, and 2 ppb,
respectively.
As an example, the operation of the instrument has been demonstrated by
measurements of elemental mercury both with the OES mode and the CRDS mode.
Operating in the CRDS mode, the spectrometer demonstrated measurements of Hg in the
sample concentration range of 50 - 400 ppm using the 405 nm line, corresponding to an
optical transition from the 6s6p 3P0 metastable state. The absolute number densities of Hg
in the metastable state were determined to be on the orders of 107 - 108 atom cm-3, which
corresponds to parts per trillion (ppt) with respect to the average number density of air
under atmospheric condition. As pointed out earlier that the ppt level of detection of 6s6p
3

P0 metastable state of Hg in the plasma does not represents a ppt level of detection of Hg

in the actual sample. However, the measurement of the Hg in the metastable state
demonstrates the instrument’s capability to achieve detection sensitivity in that range. We
can expect that whenever a small size diode laser of a specific wavelength, corresponding
to each of the different elements, e.g. 253.65 nm for Hg, 313.04 nm for Be, 419.08 nm
for As, 442.57 nm for Cs, 405.78 nm for Pb, 241.35 nm for Se, 348.93 nm for U, and
similarly for others, becomes available in the market, the diode laser can easily be
incorporated into the spectrometer for highly sensitive measurements using the CRDS
mode. The radiation trapping effect of the 253.65 nm transition line was observed to
hamper Hg concentration measurements in the higher concentration region. The RT
effect suggested that two different lines at 254 and and 365 nm should be selected for Hg
OES measurements in the low concentrations (< 50 ppm) and high concentrations (> 50
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ppm), respectively. The matrix effect due to the presence of other elements on OES
measurements of Hg affected DL by a factor of three. One of the advantages of the dualmode spectrometer is that the spectrometer has a large measuring dynamic range,
potential from a few ppt to hundreds ppm for Hg when operating in combination of the
two modes and the CRDS mode not only has a higher detection sensitivity but also can
calibrate the OES to obtain absolute concentration of an element of interest. The
demonstration of the integration of the OES and CRDS modes in a single portable
spectrometer may extend the CRDS technology from current portable trace gas analysis
to future portable trace element analysis, enabling many new field applications.
5.9
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CHAPTER VI
ABSOLUTE MEASUREMENTS OF ELECTRON IMPACT EXCITATION CROSSSECTIONS OF ATOMS USING CAVITY RINGDOWN SPECTROSCOPY

6.1

Abstract
A new method of using cavity ringdown spectroscopy (CRDS) technique to

measure apparent electron impact excitation cross sections (EIECS) for different energy
levels of an atom is described. The method involves measurements of absolute population
densities of energy levels of concern using high sensitivity CRDS, leading to an
analytical expression of EIECS as a function of the population densities. Determination
of EIECS in this method does not require an external calibration. The proposed method is
validated by determining EIECS of the metastable levels of Hg (6s6p 3P0) and Ne (2p53s
3

P2), and the results are in good agreement with cross sections reported in the literature.

The population densities in both cases were extracted from published data. This method
exhibits promising potential for absolute measurements of EIECS of metastable energy
levels.
6.2

Introduction
Measurements of electron impact excitation cross section (EIECS) of regular

energy levels (optical transitions allowed) or metastable energy levels (optical transitions
forbidden) are generally carried out with the electron energy loss technique, optical
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emission spectroscopy (OES) technique, or theoretical calculations [1-5]. In 1981, Lin et
al. introduced a method based on laser induced fluorescence (LIF) spectroscopy along
with OES to measure absolute EIECS of metastable levels. This method has remained to
be one of the most extensively used experimental methods of measuring EIECS over the
last 30 years although their latest advancement has evolved the method further to use
OES only [1,6]. On the other hand, the conventional single-pass absorption spectroscopy
technique attempted once for EIECS measurements has been abandoned and is not
pursued these days [7-8].
The measurement of EIECS using the LIF-OES method chiefly relies on
measuring relative intensities of the emission lines [1]. The absolute EIECS is determined
with the help of an external calibration process. Typically the method requires one first to
express the cross section of a desired energy level in terms of a known excitation cross
section, emission line intensities, electron energy, etc. Then, a change in the emission line
intensities is recorded with change in electron energy; consequently an excitation
function is obtained. Afterwards a known cross section is used to determine the absolute
EIECS of the desired energy level at the respective electron energies. This process
requires not only emission line intensities to be measured, but also the cross section of
another energy level to be known for the purpose of calibration.
In our previous work [9], we demonstrated a new method to determine EIECS
using cavity ringdown spectroscopy (CRDS) along with OES. The method involved
solving a set of steady state population rate equations using the CRDS measured
population density of one of the energy levels and the intensity ratio of two different
emission lines. The experiments were conducted with atmospheric pressure microwave
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plasma. The apparent EIECS of three energy levels of mercury (Hg), namely 6s6p 3P0,
6s6p 3P1, and 6s7s 3S1, were determined simultaneously. The motivation of the previous
work was to explore an alternative method of determining the absolute cross sections
using CRDS. In this work, we present a modified version of the method described
previously to measure EIECS of an atom [9]. The present method is explained with a
three energy level system, as an example. An analytical solution for EIECS has been
derived from the steady state population rate equations; and the solution turns out to be a
function of the population densities of the desired excited state and the ground state.
Under the assumption that electron impact excitation is the dominant mechanism
responsible for the density population of the energy levels, the population density of the
excited level has a linear relationship to the ground state population density (Eq. 6.8). In
such case, EIECS can be directly determined if the two population densities are known,
i.e. in this case, experimentally determined by CRDS, and the method does not require an
external calibration process. We applied the proposed method to determine EIECS in the
two published cases: (i) EIECS of the 6s6p 3P0 metastable level of Hg using data from
our previous work [10] and (ii) EIECS of the 2p53s 3P2 metastable level of Ne with the
data reported in the literature [11].
6.3

The Method
The method is described with a three-energy level system, as shown in Fig. 6.1. In

this particular example, we assume that energy levels a and b are two excited levels with
the energy level a being metastable (optical transitions not allowed) and the energy level
b is a regular excited level (optical transitions allowed). The ground state is represented
by g. The target atoms, present in the ground state g, are exposed to a beam of mono130

energetic electrons. As a result, some of the atoms in the ground state are excited to the
higher energy levels a and b by the electron impact excitation mechanism. The
metastable level a being optically forbidden does not radiate. However, the spontaneous
transition b → a results in radiation at wavelength λ. The atoms in the metastable level a
is further pumped to the higher level b with a cavity ringdown laser beam at the
wavelength λ.

Figure 6.1

Schematic of a simple three-energy level system.

Under the assumption that the excitation process is due solely to electron impact
excitation mechanism and that the excited energy level de-excites to lower energy levels
only through optical emission processes, namely spontaneous or stimulated emissions, at
any given time the population rate equations for the energy levels a and b can be given as
[1],
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where na, nb, and ng are the population densities in the energy levels a, b, and the
J

ground state, respectively. The term  e  is a measure of electron flux in the electron
 
beam, where J is the electron current density and e is the electron charge. Aij and Bij are
the spontaneous and stimulated Einstein coefficients corresponding to the lower energy
level i and the upper energy level j. ρ() is the energy density of the laser beam at
frequency .
Under steady state condition, we have

J
ng  QaA  nb Aba  Bab  ( )na  Bba  ( )nb  na Aa  0
e

(6.3)
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dir
where Q a  Q a 

Q

ja, jb

ja

is known as the apparent cross section for the

energy level a, with the cascaded term



n j A ja replaced by

ja, jb

known as the optical cross sections. From Eq. (6.3) and Eq. (6.4) we have
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In a CRDS experiment, more than 99% of the incident laser power is reflected
back, and only a fraction (<1%) of the incident beam energy interacts with the absorbing
molecules inside the cavity. This results in a significant reduction in the magnitude of the
term Babρ inside the cavity in comparison to outside the cavity.
In our CRDS system, the ringdown laser beam from the OPO (optical parametric
oscillator) system at 404.65 nm has a typical photon density outside the cavity of on the
order of 1017 photons cm2 s-1, corresponding to a beam energy of Bba  ~ 104 s-1 inside the
cavity. So are for the other CRDS systems, the beam energy inside a ringdown cavity
remains approximately of the same order. Typically, the spontaneous emission rates
(Einstein constant A) Ab and Aba are on the orders of 108 and 107 s-1, respectively.
Therefore, in a CRDS measurement, we can consider

Ab  Bba   Ab and Aba  Bba   Aba
Therefore, Eq. (6.5) is modified to be

 J  A QbA Aba 
ng   Qa 
Ab 
 e 
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A 
Aa  Bab  1  ba 
Ab 
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(6.6)

Since the optical transition cross section from the energy level b to a is given as
QbA Aba
Qba 
,
Ab
Eq. (6.6) can be further modified to
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e
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(6.7)
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Note that the aforementioned definition of Q a , i.e. QaA  Qadir 
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A
include the optical cross section term Qba . Therefore, the term Qa  Qba in Eq. (6.7) is
App

actually the total apparent cross section of energy level a, denoted as Qa

. Therefore,

from Eq. (6.7) we have
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(6.8)

When the laser is off, i.e.  = 0, from Eq. (6.8), we have

J
ng  QaApp
e
na (off )   
Aa

(6.9)

The expression in Eq. (6.9) is the same as should be expected from the steady
state condition of excitation and de-excitation of energy levels.
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In Eq. (6.8), the terms in the denominator on the right hand side are experimental
parameters. The electron current density J is also known. The excitation cross section
empirically depends on the energy of the colliding electrons. Therefore, as long as the
current density and the energy of the electrons remain constant and electron impact
excitation remains the dominant mechanism of excitation, the population density na
should depend linearly on the ground state population density ng. Therefore, if the two
App
population densities are known, the absolute cross section Qa can be determined

analytically from the slope of the linear plot between na and ng. From Eq. (6.8), the slope
m of the linear plot between na and ng is obtained as

 J  App
 Qa
e
m

A
Aa  Bab  1  ba
Ab







(6.10)

App
Therefore, the cross section Qa can be determined as

QaApp

6.4
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(6.11)

Applicability of the Method
In order to evaluate this method, instead of setting up an experiment to measure na

and ng, we extracted na and ng from two published cases, as an example, to demonstrate
App

applicability of this method by determining the absolute cross section Qa . The two
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examples are the measurements of apparent cross section of the metastable 6s6p 3P0 level
of Hg and the metastable 2p53s 3P2 level of Ne.
6.5

Case 1- Apparent EIECS of Metastable 6s6p 3P0Level of Hg
In case 1, we compare the EIECS of metastable 6s6p 3P0 level of Hg determined

in this work with that determined in our previous work [9]. In the previous work, EIECS
of the 6s6p 3P0 level of Hg was determined with a plasma-CRDS system, where the
metastable Hg atoms were generated in the plasma. A microwave plasma was used as an
excitation source for Hg atom generation as well as the source of energetic electrons in
the experiment. For this type of atmospheric pressure argon microwave plasma operated
at 150 W, typically the electron energies are in the range of 0.5 - 10 eV and electron
number density on the order of ~1012 - 1014 cm-3. The determination of the cross sections
in that work was accomplished with the help of both the CRDS and OES measurements
[9]. A set of steady state population rate equations for a four-energy level system was
solved with the help of the measured population density of the 6s6p 3P0 metastable level
and the ratio of the two emission lines at 253.65 and 404.65 nm. The cross section for the
metastable level of Hg was determined to be (1.7 ± 0.4) × 10-17 cm2.
However, in this work, EIECS of the same 6s6p 3P0 level of Hg has been
determined solely from the number densities of the 6s6p 3P0 level and ground energy
level of Hg without using the additional OES measurements. The population densities of
these two energy level have been represented by na and ng, respectively, in the subsequent
text. The absolute population density na present in the plasma was measured using the
CRDS technique at a laser wavelength of 404.65 nm. The measured population density of
this metastable 6s6p 3P0 level Hg was on the order of 107 - 108 cm-3 when total Hg atoms
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on the order of 1011 - 1012 cm-3 were injected into the plasma [10]. Using the na and ng
data from our previous work [10], we plotted a graph of the population density na versus
ng, as shown in Fig. 6.2.The plot between na and ng in Fig. 6.2 attained good linearity of
R2 = 0.99 and a slope m = 2 × 10-4 (a.u.). Using the other known parameters of the
microwave plasma used in the experiment, conducted in the works of [9] and [10], such
J

as the electron flux  e  (= nev) ~ 5.2 × 1021 cm-2 s-1, corresponding to 5 eV electrons,
 
App
and others as listed in Table 6.1, the apparent cross section Qa for the metastable 6s6p

3

P0 level of Hg is determined to be (3.03 ± 0.15) × 10-17 cm2 based on Eq. (6.11). This

number is certainly an approximation because the plasma is not a mono-energetic source
of the electrons, and the electron number density inside the plasma is not uniformly
distributed. However, the cross section of the 6s6p 3P0 level of Hg determined by this
method is still on the same order of magnitude, within the range 1.0 × 10-17 - 8.0 × 10-17
cm2 as reported in the literature [9,12,13].
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Figure 6.2

The population density of the metastable 6s6p 3P0 level Hg versus the
ground state population density measured using the CRDS technique in the
microwave plasma.

[Data obtained from Ref. 10.]

6.5.2

Case 2-Apparent EIECS of Metastable 2p53s 3P2Level of Ne.

In case 2, we applied the method described in this work to determine the EIECS
of metastable 2p53s 3P2 level of Ne. The absolute EIECS of the 2p53s 3P2 (also
represented as 1s5 in Paschen’s notation) level of Ne at different electron energies were
reported earlier by Phillips et al. [1,14]. Their measurement technique involved the
excitation of the ground state Ne atoms, which were confined in a closed chamber at a
reduced pressure of 1 - 25 mT, to the 1s5 level via a mono-energetic beam of electrons.
The Ne atoms in the 1s5 level were further pumped to the higher level 2p2 via laser
absorption at 588.2 nm. The change in the fluorescence intensity of the transition 2p2 →
1s5 with the change in the electron energy was recorded; consequently, an excitation
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function was obtained. After performing a calibration using the results in Ref. 15, the
App
apparent cross sections Qa for the metastable 1s5 level of Ne were determined for

different electron energies. The cross section increases rapidly from 1 × 10-19 cm2 at
threshold, to the maximum, i.e. 3.3 × 10-18 cm2, at an electron energy of 25 eV. After that
maximum, the cross section gradually decreases with increase in the electron energy.
To determine the EIECS of the same metastable 1s5 level of Ne with the method
described in this work, we used the population densities of 1s5 and ground level of Ne
reported in Ref. 11. In that work, the ground state population densities ng were
determined based on the ideal gas law, P = ngkTg, where P is the chamber pressure, k is
the gas constant, and Tg is the gas temperature. The experimental system was an
inductively coupled Ne plasma operated at 600 W power at five different pressures,
namely 5, 10, 15, 20, and 25 mT. The chamber pressures were measured by an ion gauge
for two different ranges of pressures inside the chamber. In that work, the gas
temperature Tg for the Ne plasma was approximated with an Ar plasma operated under
similar experimental conditions. The gas temperature increased from 500 to 620 K when
the pressure in the chamber was increased from 5 to 25 mT. Corresponding to each ng
determined at the five different pressures in the Ne plasma, the metastable population
densities na were also measured using white light absorption spectroscopy [11,16].
Now we extract the parameters from the experimental system and use their
measured na and ng to determine the apparent excitation cross section based on Eq. (6.11).
First, we assume that na was not determined by the white light absorption spectroscopy
technique as reported in Chapter 11 in Ref. 11. Instead we use CRDS at the same
wavelength, 588.2 nm, as used in Ref. 1, to determine the number density na present in a
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pure Ne inductively coupled plasma (ICP). The energy density term Babρ = 2 × 106 s-1 [1]
is reduced to 2 × 104 s-1 inside the ringdown cavity if the mirror reflectivity in the CRDS
system is 99%. The electron number density was estimated from the electron energy
distribution function (EEDF) obtained for the same Ne plasma by averaging the electron
density over the pressure range 10 - 25 mT [Chapter 12 in Ref.11]. Here it should be
noted that an ICP is not a mono-energetic source of electrons. The EEDF showed that the
electron energies in the ICP were in the range of 0 - 35 eV. The maxima, i.e. the highest
electron number density, lies around 5 eV [11]. The EEDF further exhibited that there
was a sharp decrease at 20 eV. Therefore, we chose the intermediate electron energy, 20
eV, and another electron energy at 25 eV where the cross section was the largest [1,14],
to determine the EIECS of the 1s5 level of Ne using this method and compared them with
the reported values in the literature. The averaged number density of the electrons at 20
and 25 eV were estimated to be 4.75 × 109 cm-3 and 2.80 × 109 cm-3, respectively [11].
The parameters, such as Ab and Aba, were obtained from the NIST atomic database [17],
where Aa was estimated by considering the collisional quenching of the metastable levels
under the given experimental conditions. The values of all of the parameters used are
listed in Table 6.1.
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Table 6.1

Energy level

Experimental parameters; comparison of EIECS of metastable level of Hg
and Ne determined in this work and that reported in literature.
Aa
(sec-1)

Babρ (a)
(sec-1)

Aba
(sec-1)

Ab
(sec-1)

Slope

Electron EIECS- this
energy work (cm2)
(eV)

EIECS-literature
reported (cm2)

6s6p 3P0 Hg 7.9×108 (b) 1.3×105 2.1×107 1.24×108

2×10-4

5

3.03×10-17

1.0×10-17 - 8.8×10-17

(c)

2p53s 3P2 Ne 1.9×104 (b)

6×10-5

20
25

1.9×10-18
2.9×10-18

1.5×10-18 - 3.0×10-18
3.3×10-18 (d)

(d)

2×104

2.3×107

4.7×108

(a) Inside the ringdown cavity (i.e. after reducing 99%); (b) Estimated; (c) From Refs. 9, 12, 13; (d) From
Refs. 14,18.

The linear plot between na and ng yielded a slope of 6 × 10-5 (a.u.) (R2 = 0.98), as
App
shown in Fig. (6.3). Using Eq. 6.11, the apparent cross sections Qa for the 1s5 level of

Ne at 20 and 25 eV were determined to be 1.9 × 10-18 and 2.9 × 10-18 cm2, respectively.

Figure 6.3

The population density of the metastable 2p5 3s 3P2 level Ne versus the
ground state population density measured in a pure Ne plasma in the
inductively coupled plasma

[from Chapter 11 in Ref. 11].
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The cross section at the electron energy of 20 eV, 1.9 × 10-18 cm2, determined in
this work, falls between 1.5 × 10-18 cm2 by Phillips et al. [1,14] and 3.0 × 10-18 cm2 by
Milatz et al. [14,18]. Similarly, the cross section, 2.9 × 10-18 cm2 , determined at the
electron energy of 25 eV is also in good agreement with the reported cross section at 25
eV, 3.3 × 10-18 cm2 that is the largest cross section of the 1s5 level of Ne [1,14,18].
6.6

Discussion
App
From Eq. (6.11), the apparent cross section Qa is determined as

QaApp
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na  Aa  Bab  1  ba 
Ab 


 
J
ng  
e

(6.12)

App
Therefore, the maximum error in the measurement of Qa using the proposed

method can be estimated as

QaApp na ng  J




QaApp
na
ng

J

.

(6.13)

The first term on the right hand side represents the error in the measurement of
the population density using the CRDS technique; the second term is the error in the
measurement of the ground state population density; the third and the fourth terms are the
errors in the measurements of the laser beam energy density and the electron current
density, respectively.
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Typically, the error associated with measurements using the CRDS technique is ≤
0.5%. The errors in determining the experimental parameters ρ and J can be within 5%.
Therefore, an accurate measurement of the ground state population density is crucial. In
the scenario when the ground state population density is not known, a second cavity
ringdown system can be employed to measure the ground state population.
It should be noted that, in the development of this method, there is no specific
restriction on the nature of the energy level a, i.e. whether the energy level a is a
metastable state or a regular optically excited state; therefore, theoretically this method
can be used to determine EIECS of any excited level. However, in the case of optically
allowed transition levels, there exists a possibility of radiation trapping of the resonance
radiation with an increase in the ground state population density, which may affect the
EIECS measurement. Another case is that the cascading effect in the high electron energy
range also starts to contribute significantly to the population densities of the excited
levels. In such cases, the electron impact excitation mechanism may not remain the sole
dominant process of excitation. Therefore, one needs to be careful when applying this
method to those cases. Nevertheless, the results in this work suggest that this method can
be efficiently applied to measure EIECS of metastable energy levels in a low electron
energy range. On the other hand, the CRDS technique is capable of making accurate
measurements at high pressure and high temperature; therefore the measurement of
EIECS using the CRDS method can be done even under extended experimental
conditions. The method is independent of the nature of the source of excitation; an
electron gun, plasmas, or discharge can be readily incorporated into the CRDS system.
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6.7

Conclusions

A new method of measuring the apparent electron impact excitation cross section
(EIECS) of atoms has been described. The cavity ringdown spectroscopy (CRDS)
measurement of absolute population densities of the energy levels is the key step in the
process. Unlike the previous optical methods of measuring EIECS, this method does not
use relative emission line intensities. The EIECS is explicitly expressed in an analytic
solution of the steady state population rate equations as a function of population number
densities that are measured absolutely by CRDS. The method was validated via the
determination of EIECS of the metastable 6s6p 3P0 level of Hg and the metastable 2p5 3s
3

P2 level of Ne atoms. The results from the current study suggest that the method has

potential to be used as an alternative means to measure EIECS, even without the need of
a calibration process.
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CHAPTER VII
FUTURE RESEARCH RECOMMENDATIONS

7.1

Accomplishment and Future Research Recommendations

The present study demonstrated fundamentals of a novel concept ‘Electron impact
excitation-cavity ringdown down spectroscopy’ (EIE-CRDS). The basic principle of the
technique was described in detail and some of the potential applications were
demonstrated. The technique was employed for measuring electron impact excitation
cross sections in an electron-atom collision process. In the present study, the method was
demonstrated by measuring the excitation cross sections of first few excited levels of
mercury. Further, the technique was also employed for the purpose of element detection
and analysis.
After it has been established in this study that cavity ringdown spectroscopy can
be used as an alternative tool to study electron impact excitation process; this technique
can be extended to other measurements as well. As an immediate continuation of the
present work the following future works are suggested. Subsequently, other applications
can also be explored.
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Suggested future works.


Explore the EIE-CRDS technique with different excitation sources.



To demonstrate the applicability of the EIECS measurement method on other
metastable levels.



Eventually the EIE-CRDS can be used for creating excitation cross section
database for different elements.



Instrument development: To demonstrate in situ element detection.



To extend it for the detection and measurement of other elements, such as Pb, As,
Be, etc.
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APPENDIX A
A COMPARISON OF EMISSION INTENSITIES OF THE PB, AS, P, CD, MN AND
NI TRANSITION LINES OBTAINED IN THIS WORK WITH THOSE IN THE
NIST ATOMIC DATABASE
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Table A.1

Pb

Pb

Wavelength

State

(nm)

I

261.417

I

-1

-1

Intensity in NIST

Ei (cm ) - Ek (cm )

Intensity in this work

Ab Int.

Rel. I (%)

Ab Int.

7819.26 – 46060.83

900

0.94

555

32.34

280.199

10650.32 – 46328.66

25000

26.31

612

35.66

I

283.305

0 – 35287.22

35000

36.84

1270

74.00

I

357.272

21457.79 – 49439.61

35000

36.84

98

5.71

I

363.956

7819.26 – 35287.22

50000

52.63

1019

59.38

I

368.346

7819.26 – 34959.90

70000

73.68

1716

1

I

373.993

21457.79 – 48188.63

25000

26.31

82

4.77

I

405.780

10650.32 – 35287.22

95000

1

1167

68.00

Table A.2

Rel. I (%)

As

As State Wavelength

-1

-1

Ei (cm ) - Ek (cm )

(nm)

Intensity in NIST
Ab Int.

Rel. I (%)

Intensity in this work
Ab Int.

Rel. I (%)

I

228.812

10914.86 – 54605.49

350

1

515

96.44

I

234.984

10592.66 – 53135.75

350

1

534

1

I

236.967

18647.66 – 60834.94

6

1.71

51

9.55

I

245.653

10914.86 – 51610.39

170

48.57

130

24.34

I

249.261

10592.66 – 50693.89

40

11.42

149

42.57

I

274.500

18186.32 – 54605.49

40

11.42

81

23.41

I

278.022

18647.66 – 54605.49

170

48.57

521

97.56

I

286.044

18186.32 – 53135.75

100

28.57

311

58.23
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Table A.3
P State

P
Wavelength

-1

-1

Ei (cm ) - Ek (cm )

(nm)

Intensity in NIST
Ab Int.

Rel. I (%)

Intensity in this work
Ab Int.

Rel. I (%)

I

213.546

11361.02 – 58174.366

400

42.10

190

39.83

I

214.914

11361.02 – 57876.574

400

42.10

52

10.78

I

253.560

18748.01 – 58174.366

950

1

482

1

I

255.326

18722.71 – 57876.574

750

78.94

257

53.31

IV

336.446

226898.14 – 256611.97

570

60.00

246

51.03

IV

337.112

226898.14 – 256553.36

400

42.10

125

25.93

Table A.4
Cd State

Cd

Wavelength

-1

-1

Ei (cm ) - Ek (cm )

(nm)

Intensity in NIST
Ab Int.

Rel. I (%)

Intensity in this work
Ab Int.

Rel. I (%)

II

214.411

0 – 46618.55

1000

66.67

162

4.42

II

226.502

0 – 44136.08

1000

66.67

870

23.74

I

228.802

0 – 43692.47

1500

1

3552

96.94

I

326.105

0 – 30656.13

300

20

3664

1

I

346.620

30650.13 – 59497.89

1000

66.67

897

24.48

I

361.050

31826.99 – 59516.01

1000

66.67

1081

29.50

Table A.5

Mn
-1

-1

Mn

Wavelength

State

(nm)

II

257.610

0-38806.67

12000

63.15

3173

1

II

259.373

0 – 38543.08

6200

32.63

2883

90.86

II

260.568

0 – 38366.18

4300

22.63

2108

66.43

I

279.482

0 – 35769.97

6200

32.63

3044

95.93

I

279.827

0 – 35725.85

5100

26.84

2642

83.26

I

280.106

0 – 35689.98

3700

19.47

1624

51.18

II

293.306

9472.97 – 43557.14

1100

5.78

394

12.41

II

293.930

9472.97 – 43484.64

1500

7.89

545

17.17

II

294.920

9472.97 – 43370.51

1900

10.00

684

21.55

Ei (cm ) - Ek (cm )

Intensity in NIST
Ab Int.

150

Rel. I (%)

Intensity in this work
Ab Int.

Rel. I (%)

Table A.5 (Continued)
I

322.809

17052.29 – 48021.43

1000

5.26

206

6.49

II

344.199

14325.86 – 43370.51

720

3.78

132

4.16

I

353.212

18402.46 – 46706.09

1100

5.78

179

5.64

I

354.780

18531.64 – 46710.15

1300

6.84

237

7.46

I

354.803

18531.64 – 46708.33

110

0.57

241

7.59

I

380.672

17052.29 – 43314.23

3200

16.84

219

6.90

I

382.351

17282.00 – 43428.58

2100

11.05

194

6.11

I

383.436

17451.52 – 43524.08

1300

6.84

117

3.68

I

403.307

0 – 24788.05

19000

1

1671

52.66
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Table A.6

Ni

Ni State Wavelength

-1

-1

Ei (cm ) - Ek (cm )

(nm)

Intensity in NIST
Ab Int.

Rel. I (%)

Intensity in this work
Ab Int.

Rel. I (%)

I

232.003

0 – 43089.578

2600

31.70

176

11.57

I

300.249

204.787 – 33500.822

4000

48.78

885

58.22

I

301.200

3409.937 – 36600.791

3700

45.12

689

45.32

I

305.082

204.787 – 32973.376

3500

42.68

524

34.47

I

305.764

1713.087 – 34408.55

1900

23.17

273

17.96

I

310.155

879.816 – 33112.334

2600

31.70

756

49.73

I

313.411

1713.087 – 33610.890

2900

35.36

411

27.03

I

323.296

0 – 30922.734

1100

13.41

109

7.17

I

336.957

0 – 29668.918

2900

35.36

236

15.52

I

338.057

3409.937 – 32982.260

3300

40.24

375

24.67

I

339.299

204.787 – 29668.918

3300

40.24

449

29.53

I

341.476

204.787 – 29480.989

8200

1

1110

73.02

I

344.626

879.816 – 29888.477

4800

58.53

462

30.39

I

345.847

1713.087 - 30619.414

5000

60.97

412

27.10

I

346.165

204.787 – 29084.456

5000

60.97

590

38.81

I

349.296

879.816 – 29500.676

5500

67.07

678

44.60

I

351.505

879.816 – 29320.762

6600

80.48

819

53.88

I

352.454

204.787 – 28569.203

8200

1

1520

1

I

356.637

3409.937 – 31441.635

5000

60.97

251

16.51

I

361.939

3409.937 – 31031.020

6600

80.48

617

40.59
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